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This abstract embodies the gist of the thesis. The evaluation of 
climatic transition in the major metropolitan cities of India has been 
attempted through an enquiry of the nature and extent of Urban Heat Island 
of India's four largest megacities. These megacities have a population 
ranging from over 5 million inhabitants to more than 16 million people. 
Their vast areal expanse is in proportion to the population and its growth 
and so is their expected heat island intensity. There is an evident causal 
relationship between urban heat island and the global warming. It has been 
examined that the urban heat islands are the nuclei of global warming. 
Urban centres are the hub of human activity. The city influences, even 
commands the landuse in the region around it. The infrastructure and growth 
of the city propels the activities in the city region. Hence, an enquiry into 
the nature and intensity of urban heat islands would be consequential to not 
only the urban planning but also in understanding the phenomenon of global 
warming. This study is also aimed to understand a cause and effect 
relationship between the vertical and horizontal urban expansion and the 
urban heat islands. 
An inquisitive study of environmental problems requires a deep and 
comprehensive understanding of the economic and social worlds. India is 
passing through a transitional phase where the urban centres are the focal 
points of change. There is massive migration of population to urban centres 
in search of secondary and tertiary occupations or their subsidiary services. 
This results in urban expansion and also has its bearing on urban landuse, 
vis-a-vis its atmosphere. 
The areas where the high income groups are concentrated are also 
likely to have high per person greenhouse gas emissions and waste 
generation. While the areas where low income groups are concentrated have 
very low average levels of resource use, waste generation and greenhouse 
gas emissions. 
The global climate change and increasing weather uncertainties and 
urban heat islands are the major environmental issues facing the world 
today. These uncertainties have a direct and profound impact on the 
ecology, economy, society and urban habitats. An attempt has been made to 
study the change if any through the time series data pertaining to the 
meteorological parameters such as temperature, rainfall, relative humidity, 
cloud cover, evaporation, solar radiation and wind velocity. 
The present study has employed the climatic data obtained from the 
India Meteorological Department, Pune from 1950 till 2000, for the four 
Megacities, namely; Delhi, Mumbai, Kolkata and Chennai. Mean monthly 
and mean annual climatic data in terms of rainfall distribution, temperature 
regime, relative humidity, sunshine duration, wind velocity and evaporation 
conditions have been acquired, arranged and analysed to examine the 
climatic changes. Simple linear regression technique has been performed on 
all the climatic variables except the rainfall, which owing to its periodic 
irregularity and great uncertainty stands randomly sampled. Statistical 
diagrams including bar diagrams and line diagrams have been used. Beside 
this, Arc View 3.1 GIS Software, has also been used for the better 
interpretation of the data. The entire thesis has been structured into ten 
chapters. 
Chapter I on 'Concept of Urban Heat Island and Global 
Warming' deals with the conceptual framework. The concept and the 
problem of urban heat island has been thoroughly discussed in its 
relationship with global warming and its implications on urban 
microclimate. The issues in heat island study have been taken care of. This 
chapter introduces the database and research methodology. It also highlights 
the research objectives and the hypotheses of research. 
Chapter II which discusses 'City Growth Infrastructure and 
Urban Heat Island' focuses much on the rapid urbanization and its impact 
on the immediate environment. As the Indian planning could not succeed in 
the economic decentralization, consequently the problem of regional 
imbalances did not mitigate in an appreciable manner. This had its impact 
on the infrastructure of the city and the urban growth. The tendency of 
centralization and the weakening of centrifugal planning in the wake of 
liberalization and globalization led not only to a rapid urban growth in the 
cities like Delhi, Mumbai, Kolkata and Chennai but also caused a high 
builtup density. The mushrooming infrastructure, burgeoning population and 
the landuse intensity tend to enhance the degree of Urban Heat Island. 
The surface heat exchange process has been dealt with and the 
development of a heat island phenomenon has been illustrated. Although the 
exact nature of the urban heat island varies from one city to another, 
generally the rural urban temperature differences have been noted as greatest 
during the late evening and night and particularly during the winter months. 
In Chapter III on 'Indian Megacities and their Landuse Pattern', 
a landuse enquiry alongwith the population growth has been dealtwith to 
raise a curious insight into the existing problem and to give a definitive 
understanding to the creation of an urban heat island. City landuse pattern is 
the outcome of the infrastructural facilities and the growth rates of 
population there in. The nature of landuse and layout is also an expression 
of the functional gravity of the city and the migration trends. A smaller city 
whose growth is largely an expression of the natural population growth rate, 
its landuse pattern is likely to be different. Such a city may bear signs of 
congestion with increasing population density in the old core. On the 
contrary in a big city whose growth is largely an expression of external 
population growth through migration, its landuse pattern is likely to witness 
rapid horizontal expansion along the periphery punctuated with open spaces 
though not with proportionate facilities of parks and playgrounds. 
Amongst the four megacities, it is Delhi which has experienced the 
highest growth rate both in area as well as population. It is characterized by 
the semi-arid steppe type of climate and continental position, whereas 
Chennai, Kolkata and Mumbai are either on the coast or closer to it. Hence, 
there is a greater propensity of the presence of a well developed 'Heat 
Island' in Delhi. 
Chapter IV on 'Thermal Regime Comparison in Indian 
Megacities', attempts a comparative evaluation of the thermal regime in the 
Indian megacities and analyses its changing trends. Temperature is one of 
the most important parameters of climate and is immediately affected by 
urbanization. The temperature data for the two stations at Delhi was 
evaluated for (1957-2000). The trend analysis for the mean maximum (day 
time), mean minimum (night time) and average monthly temperatures has 
been undertaken. The mean monthly maximum temperature range for Palam 
is higher than at Safdarjung. The mean minimum temperature too endorses 
the same trend. The average temperature obviously has shown a similar 
transition. Hence, it is clear here that in case of Delhi the 'Heat Island' is 
pronounced or existing around Palam. It is crucial to note that the builtup 
infrastructure around Safdarjung inhibits the heat island growth. 
Similarly, the temperature data for the two stations at Mumbai was 
evaluated for 1951-1998. The rate of change in the mean maximum (day 
time) temperature at the two stations was almost very similar although 
Colaba showed a slightly higher annual transition. The mean minimum 
temperature transition at Santacruz was much higher than at Colaba. 
Therefore, it is evident that the 'Heat Island Intensity' is well developed 
over Santacruz. The average temperature transition too is higher at 
Santacruz, which confirms the existence of 'Heat Island' around this station. 
The temperature data for the two stations at Kolkata was analysed 
for (1951-1998). The mean maximum temperature transition at Dum Dum 
was higher than at Kolkata. The mean minimum temperature transition too 
was slightly higher at Dum Dum than at Kolkata. The average temperature 
transition too showed a higher transition for Dum Dum. Therefore, it is 
enough evidence to prove that the 'Heat Island Intensity' for the city of 
Kolkata is established at Dum Dum area. 
For Chennai the temperature transition was analysed for the period 
(1965-1998). The mean maximum temperature transition was higher at 
Nungambakkam than at Minambakkam. The mean minimum temperature 
transition too endorsed the same characteristic as that of mean maximum 
temperature. The average temperature too was true to the above two 
conclusions. Hence, for Chennai the 'Heat Island Intensity' is well 
developed within the city near Nungambakkam. Amongst the four cities, the 
most pronounced 'Heat Island Intensity' appears over Palam area at Delhi. 
Although it is against the general understanding of its existence within the 
city than the countryside. Chennai has proved to be the best example for the 
existence of heat island within the city which is in accordance to the general 
understanding. 
In Chapter V on 'Rainfall Variability and Changes' the analysis 
of rainfall trends in the four megacities has been drawn to find its affinity 
with the Urban Heat Island. A causal relationship between temperature and 
rainfall trends too has been taken care of. The rainfall trends have been 
examined for the periods 1957-1970, 1971-1984, 1985-1998. At Palam 
during 1957 to 1998 the annual rainfall variations were high. The variations 
amongst the rainy months were also high. During the monsoon season, August 
recorded the highest amount of rainfall and the least was recorded in June. 
September had the maximum number of below normal rainfall years than any 
other month during the rainy season. Amongst the three time frames for 42 
years of study, the random analysis for 1971-1984 period of 14 years recorded 
the highest amount of rainfall. The mean maximum temperature has shown a 
weak to strong negative association with rainfall. The mean minimum 
temperature had a weak positive and negative association. 
At Safdarjung for the same period of 1957-1998 the rainfall variation 
from one year to another was rather high. August was the rainiest month with 
June recording the least. Amongst the different time frames, here too, the 
rainfall recorded the highest during 1971-1984 period. Both July and August 
recorded 24 below normal rainfall years. The mean maximum temperature 
again has a fair share of inverse association. The mean minimum temperature 
has both a weak to moderate positive association and a moderate to strong 
inverse association. Therefore, it is evident that temperature is not a very 
significant element in influencing the rainfall regime. Amongst the two stations 
it is Safdarjung which has received higher rainfall than Palam. Hence, the 
higher rainfall variability at Palam as compared to Safdarjung appears 
explainable. 
The rainfall trends for Mumbai have been examined for the following 
periodic frames (i) 1951-66 (ii) 1976-82 (iii) 1983-98. At Colaba there has 
been high fluctuation from one year to another. The monthly variation was also 
high. July has been the rainiest month and September recorded the least 
amongst the rainy months. Amongst the forty seven years under study the 
random analysis for 1983-1998 time frame recorded the highest amount of 
rainfall. August recorded the maximum number of below normal rainfall years 
during the entire study period. The mean maximum temperature has a weak 
positive association and a pronounced weak to moderate inverse association. 
The mean minimum temperature has a weak positive association and a weak to 
moderate inverse association. 
At Santacruz for the same period of 1951-1998 the rainfall variation 
from one year to another was also high. Here too, July is the rainiest month and 
September has recorded the minimum amongst the rainy months during the 
monsoon season. September has the maximum number of years recording 
below normal rainfall years. The random analysis has shown 1951-1966 period 
recording the highest amount of rainfall. The mean maximum temperature has 
a weak to moderate inverse association. The mean minimum temperature has a 
weak to strong positive association as well as weak to moderate inverse 
association in some of the months. In case of Colaba the temperature is not 
playing any role in influencing the rainfall. But at Santacruz the nocturnal 
temperature is having a good degree of association with the rainfall. Amongst 
the two stations it is Santacruz which is more inland a station and receives 
greater amount of rainfall compared to Colaba station which is at the southern 
tip of the island. The rainfall variability between the two stations is almost 
identical. 
The rainfall trends for Kolkata have been examined for the following 
periodic frames (i) 1951-66 (ii) 1976-82 (iii) 1983-98. At Kolkata the rainfall 
variation from one year to another has remained high. Amongst the rainy 
months during the monsoon season July has received the maximum amount of 
rainfall and June recording the minimum with the maximum number of below 
normal rainfall years. The random analysis recorded the highest amount of 
rainfall during 1967-1982 time frame. At Kolkata the mean maximum 
temperature has an overall negative association for all the months. The mean 
minimum temperature has a weak inverse association in some months and a 
weak to moderate inverse association in most of the months. 
At Dum Dum the rainfall variation from one year to another was high. 
The rainfall during 1951-1998 period has found August recording the highest 
amount of rainfall whereas, September recorded the least. June and August 
both have shown the same number of below normal years. The random analysis 
has found the time frame between 1983-1998 recording the maximum amount 
of rainfall. The mean maximum temperature finds a weak inverse association 
for all the months. The mean minimum temperature has a weak to moderate 
negative association with a positive association for a few months. Thus, the 
overall tendency projects no real association of temperature with rainfall. 
Comparing the two stations, it is Kolkata which has received slightly higher 
rainfall than Dum Dum, although the difference is negligible. This confirms 
that the rainfall is well distributed in this city, owing to its flat profile. 
The rainfall trends for Chennai have been examined for the following 
periodic frames (i) 1965-81 (ii) 1982-98. At Nungambakkam the rainfall 
variability for the study period of 1965-1998 was high from year to year and 
the extended rainy season from June to December recorded the minimum 
rainfall in June and the highest during November. July had more below normal 
rainfall years than any other month. Amongst the 32 years under study, it is the 
1965-1981 time frame which received the highest amount of rainfall. The mean 
maximum temperature has a weak to moderate inverse association for all the 
months. The mean minimum temperature has a weak positive association for a 
few months, but a moderate inverse association for the rest of the months. At 
Minambakkam the annual rainfall variability from one year to another was also 
high. Here too, June has recorded the least amount of rainfall, with the highest 
being that in November. Both August and September have recorded the same 
number of below normal years. At Minambakkam there exists a weak to 
moderate inverse association for all the months for mean maximum 
temperature. The mean minimum temperature has weakly positive in a few 
months and a weak to moderate inverse association exists in most of the 
months. The random analysis during 1965-1981 has found similar rainfall 
trend as at Nungambakkam. 
Comparing the two stations it is Minambakkam which has an edge 
over Nungambakkam. This is true to the scientific evidences of heat island 
influences in creating more precipitation. The variability for the two stations is 
same. Thus, amongst the four megacities under enquiry it is at Mumbai and 
Chennai that the influence of heat island has apparently created enhanced or 
induced rains in the downwind region. In general India comes under the 
monsoonal atmospheric circulation, which is a well developed phenomenon 
of the wind system, and is proactive in South Asia between June to 
November. Hence, any significant departure from the aforesaid pattern is not 
evident except for the nocturnal pattern at Santacruz, which has 
demonstrated a strong positive association. Yet, any occasional convectional 
rain at any of the stations is not ruled out. 
In Chapter VI on 'Humidity Transition and Urban Heat Island', 
a brief account of the percentage variation of relative humidity over urban 
landscape, has been brought out. An attempt has been made to draw the 
causal relationship between relative humidity and rainfall; temperature and 
wind velocity for the four megacities. Relative humidity over the megacities 
is also a reflection of surface cover in terms of nature and density of the builtup 
surface. In an urban micro climatic setup there is usually a hypothesis of low 
relative humidity than its surrounding countryside. 
At Palam there were both positive and negative transitions in the mean 
monthly relative humidity. The seasonal trend was a pronounced increase. 
There was an increased transition in winters with the maximum transition in 
summers and the least relative humidity transition in the monsoon season. 
Relative humidity has a positive weak to strong association in all the months 
with the change in rainfall. The mean maximum temperature at Palam has a fair 
to strong inverse association and the mean minimum temperature has a 
moderately positive association in the transitional and winter months. 
However, there is an overall weak to moderate inverse association in the rest of 
the months. Wind velocity has a weak positive association in the winter months 
and a weak to moderate association in the rest of the months. 
At Safdarjung there was an increase in the relative humidity in all the 
seasons. Here, monsoon has recorded the maximum increase than the other 
seasons. Thus, at Delhi there exists an increased trend in relative humidity in 
all the seasons with still higher trend at Safdarjung. This can be attributed to 
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more green belts present within the city than the countryside. It can also be 
related to the higher incidence of rainfall at Safdarjung than at Palam. At 
Safdarjung there exists a fair to strong inverse association with the mean 
maximum temperature. The mean minimum temperature has both a weak to 
moderately positive association for some months and a fair to moderate to 
inverse association in other months. The rainfall has an overall weak to 
moderately positive association. The wind velocity has a weak to moderate 
negative association. Therefore, the character of relative humidity in relation to 
rainfall, temperature and wind velocity has endorsed similar association. 
At Colaba the mean monthly transition is both positive and negative. 
The seasonal trend shows an increasing transition with the maximum during 
the summer season, followed by winters and a very small increase during the 
monsoon season. The rainfall has weak to moderate association with weak 
negative association in some months. The mean maximum temperature has a 
weak positive association in a few months with the rest of the months showing 
a weak to moderate inverse association. The mean minimum temperature has a 
weak positive association in some months with the rest of the months having a 
weak to moderate negative association. The wind velocity has a weak positive 
association in some months and the rest showing a weak negative association. 
At Santacruz there is both negative and positive association. The 
seasonal trend shows an increased tendency during winters followed by the 
monsoons with a decline during the monsoon season. The rainfall has a weak to 
moderate positive association. There exists a fair to moderate inverse 
association with mean maximum temperature. The mean minimum temperature 
has a weak to moderate association for most of the months with some months 
exhibiting moderate inverse association. The wind velocity has a weak positive 
association with some months showing a weak inverse association. Between 
the two stations Santacruz has a little enhanced transition of relative humidity 
only during the winter season, whereas it is smaller than at Colaba during the 
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other seasons because Colaba is located on the protruding southern tip of the 
island. 
At Kolkata the mean monthly relative humidity transition is showing 
an increasing trend. The seasonal trend for winters is showing a substantial 
increase followed by summers and monsoons. The city experiences high 
percentages of relative humidity owing to its location at the head of Bay of 
Bengal, and the prevalence of humid tropical conditions. The rainfall has an 
overall weak to moderate positive association. The mean monthly maximum 
temperature has a weak to moderate negative association. The mean monthly 
minimum has a weak to moderate positive association in some months and 
weak to moderate negative association in the other months. The wind velocity 
has a weak positive and negative association. 
At Dum Dum the mean monthly transition is almost similar. Winters 
have grown more humid than the other seasons. Compared to Kolkata, Dum 
Dum station has a greater transition during summers and the monsoon season. 
Rainfall has a moderate positive association. The mean maximum temperature 
has a weak to moderate inverse association. The mean minimum temperature 
has a weak to moderate association in some months and a weak to moderate 
positive association in other months. The wind velocity has a weak inverse 
association. Both the stations endorsed almost similar behaviour in relation to 
the relative humidity and other variables. 
At Nungambakkam in Chennai the mean monthly transition in relative 
humidity has both positive and negative transition. The seasonal transition is 
dominated by a negative transition. The decline has been highest during the 
winters, followed by monsoon season and the least in the summer season. The 
rainfall has a weak to moderate positive association. The mean maximum 
temperature has a weak to moderate inverse association. The mean minimum 
temperature is a weak to moderate association in some months and inverse 
association in the other months. The wind velocity has both a positive and 
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negative weak association. At Minambakkam there has been an increased 
positive transition in most of the months. The seasonal transition has recorded a 
decline during winters with increased transition during summers and the 
monsoon season. The rainfall has a weak to moderate association. The mean 
maximum temperature has a weak to moderate association in some months and 
a weakly positive association in others. The mean minimum temperature has a 
weak to moderate positive association in most of the months with a moderate 
negative association in some months. The wind velocity has a weak to 
moderately inverse association, with very weak positive association in the 
winter months. It is thus observed between the two stations that 
Nungambakkam is drier than the other station i.e. Minambakkam. Both the 
stations have endorsed similar characteristics. 
Amongst all the stations, rainfall has shown a positive association, 
whereas the mean maximum temperature has an inverse relationship. While it 
is interesting to note that the mean minimum temperature specially during the 
winter months and some monsoon and transitional months have shown a 
positive association. This can be related to the length of the day, the range of 
diurnal temperature as well as the low dew point. Wind velocity has not 
endorsed much positive association and has mostly an inverse association. 
Amongst the four cities it is Nungambakkam station only which has attested to, 
some degree, to the hypothesis of Chandler (1967) and Ludwig (1968) and 
Landsberg (1981) that the city areas are drier than the rural areas. The other 
stations have shown an increasing trend with the most at Delhi. These trends 
confomi to their rainfall regime. 
Chapter VII on 'Cloud Cover Transition and Urban Heat Island' 
attempts to draw a causal relationship between cloud cover and temperature, 
cloud cover and rainfall and cloud cover and wind velocity. The data was 
available for two stations for each city. The regression analysis was done to 
draw the rate of change of the temporal data for each city. Cloud cover over the 
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cities is understandably enhanced owing to the presence of suspended 
particulate matter in the atmosphere, than in the countryside. The rising warm 
air may also help produce more clouds. 
The transition in cloud cover at Palam during (1957-1998) was both a 
negative and positive change, its association with mean maximum temperature 
was an overall weak to moderately strong inverse relationship. With mean 
minimum temperature it had weak to moderate positive and inverse 
association. A comparison of cloud cover with the amount of rainfall between 
the study period of 1957 to 1998 finds an increase in cloud cover with respect 
to normal during the rainy season. It corresponds with the increase in rainfall 
during the same season. With respect to wind velocity the association with 
cloud cover was a very weak positive and negative relationship. At Safdarjung 
the cloud cover transition has both a positive and negative change. Its 
association with mean maximum temperature had a fair to moderate inverse 
association. The mean minimum temperature had both positive and negative 
weak to moderate association. With respect to rainfall, the study period of 1951 
till 2000 recorded an increase in cloud cover during the rainy season with 
respect to normal, and the corresponding rainfall too increased during the 
period. Therefore, both variables complement each other. With regard to wind 
velocity there was an overall weak positive and negative association, and 
September appeared to share no relation at all. 
The transition in cloud cover at Colaba between 1951-1998 had a 
small positive and negative change. The mean maximum temperature appeared 
to have a weak positive association but a weak to moderate inverse association. 
The same was true for mean minimum temperature regime. The cioud cover 
during 1951-1998 period complemented with the amount of rainfall during the 
rainy season as well as the rest of the year. The wind velocity showed both a 
weak positive and negative association. At Santacruz the cloud cover transition 
was both a positive and negative change. The mean maximum temperature had 
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a weak positive association but varied between weak to moderate inverse 
association. The mean minimum temperature had weak to strong positive 
association, while there was a weak to moderate inverse association. The 
rainfall and cloud cover complemented one another and the monsoonal rainfall 
well corresponded to the amount of cloud cover. The wind velocity had a weak 
positive and negative association. 
At Kolkata the cloud cover transition between (1951-1998) showed a 
positive and negative change. The mean maximum temperature had a weak to 
moderate inverse association. There existed a weak to moderate positive 
association for the mean minimum temperature as well as a weak inverse 
association. The period between 1951-1998 recorded a substantial amount of 
rainfall during the rainy season which will complement the amount of rainfall. 
The wind velocity had a weak positive and negative association. At Dum Dum 
the cloud cover transition showed overall positive change. The mean maximum 
temperature has a weak to moderate inverse association. The mean minimum 
temperature has a weak to moderate positive association and a weak negative 
association for some of the months. The mean cloud cover during the monsoon 
months complemented the amount of rainfall. The wind velocity too endorses 
the above behaviour, with both weak positive and negative association. 
At Nungambakkam in Chennai the rate of change in cloud cover 
between (1965-1998) is both positive and negative. The correlation with mean 
maximum temperature has an overall negative association save March having a 
weak positive association. The mean minimum temperature has a weak to 
moderate positive association and a weak inverse association for some months. 
The rainfall at this station is lower than the other station during the monsoon 
season. A reduction in the amount of cloud cover had a linear relationship to 
rainfall. The wind velocity has a weak positive and negative association. At 
Minambakkam the cloud cover transition between (1965-1998) showed both a 
positive and negative trend. The association with mean maximum temperature 
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was a weak to moderate positive relationship and weak negative relationship. 
The mean maximum temperature more or less endorses a similar characteristic. 
The cloud cover for the monsoon season was at par with the amount of rainfall. 
The wind velocity showed a weak positive association. 
Chapter VIII deals with 'Evaporation Transition and Urban Heat 
Island'. In this chapter an attempt has been made to draw a causal relationship 
between evaporation, temperature, wind velocity and relative humidity. In an 
urban setup the actual evaporation as against the potential evaporation is highly 
reduced owing to the concrete and asphalt layer which covers the natural 
ground surfaces. At Safdarjung in Delhi the mean monthly transition has an 
overall negative trend with a pronounced decline in all the seasons. This 
evidence very well illustrates the hypothesis that urban centres induce dryness 
in their lower atmosphere. The mean maximum temperature has a weak to 
moderately positive association for all the months. The mean minimum 
temperature has a weak to moderate positive association for the greater part of 
the year, but inverse during the winter months. The wind velocity has a 
moderately positive association for all the months and the relative humidity has 
a weak to moderate inverse association for all of the months. 
As reported above the same follows at Mumbai. Colaba too has 
recorded a decline in evaporation in all the months. The seasonal profile 
elaborates increased rate of dryness in all the seasons. The mean maximum 
temperature has a weak positive association in summer and monsoon months. 
There exists a weak to moderately inverse association in the rest of the months. 
The mean minimum temperature has a very weak inverse association for some 
months but the greater part of the year has recorded a weak to moderate 
association. The wind velocity shows a fair to moderately positive association 
and the relative humidity has surprisingly an overall inverse association. Both 
evaporation transition and wind velocity transition has declined during the 
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study period. At the same time the relative humidity has actually increased due 
to reducing wind velocity. 
At Kolkata the trend is the same as in the above two stations. The 
mean monthly transition is highly low with the seasonal profile illustrating a 
maximum during the winter season followed by summers and the monsoon 
season. The mean monthly maximum temperature has a fair to moderately 
strong positive association. The mean minimum temperature has a weak to 
moderate negative association. The wind velocity has an overall weak to 
moderate positive association and the relative humidity has an overall weak to 
moderate inverse association. 
At Minambakkam the same trend has been followed but there is a very 
small rate of decline. The seasonal change has been the most during the 
monsoon season followed by summers and then winters. The mean monthly 
maximum temperature has a weak to moderate positive association. The mean 
monthly minimum temperature has a weak to moderate both positive and 
negative association. The wind velocity has a weak to moderately positive 
association in most of the months but an inverse relationship exists during the 
winter months. The relative humidity has an overall fair to moderate inverse 
association in all the months. 
Amongst the four cities, it is Kolkata which has shown the greatest 
decline during the winter season, followed by Delhi which though has a semi 
arid, steppe type of climate experiences some wet spells during the winter 
season. Mumbai shows a small rate of decline during this season followed by 
Chennai. Summers are driest at Delhi, followed by Kolkata, Chennai and lastly 
Mumbai. Monsoon season has the greatest decline for Delhi, with small 
variations at Mumbai, Kolkata and Chennai which are favourably located on 
the sea or at the coast. 
Chapter IX on 'Solar Radiation Transition and Urban Heat Island' 
is an attempt to interpret the regression trends of Daily Total Radiation and 
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Bright hours of sunshine in relation to temperature, cloud cover and relative 
humidity for the four megacities. A causal relationship too has been drawn with 
respect to each variable. The data was available with respect to single station 
for each city. For instance Safdarjung for Delhi, Santacruz in case of Mumbai, 
Dum Dum for Kolkata and Minambakkam for Chennai. As the contaminated 
urban air masses are effective in reducing incoming solar radiation and 
differences in albedo, other surface characteristics also modify the energy 
balance over the cities. The data was available for different time periods for 
these cities. 
In Delhi, at Safdarjung there has been an overall decline in the energy 
balance. The correlation coefficient with respect to mean maximum 
temperature has been a moderate association with respect to daily total 
radiation. But the bright hours of sunshine varied between weak to moderate 
association with a negative association during June. The cloud cover 
association has negative and positive weak association. Relative humidity also 
showed a weak to moderate positive and negative association. 
At Santacruz the daily total radiation was an overall negative transition 
and bright hours of sunshine demonstrated both a positive and negative 
transition for different months. The association with temperature showed 
positive and negative weak to moderate for daily total radiation, but a weak 
association for bright hours of sunshine. The cloud cover had a weak positive 
association and negative moderate to strong association both for daily total 
radiation and bright hours of sunshine. The relative humidity had a weak to 
moderate to strong positive and negative association. 
At Dum Dum there was an overall decline in the energy balance 
transition. The mean maximum temperature had a weak to moderate inverse 
association. The cloud cover demonstrated a weak to moderate to strong 
inverse association. The relative humidity had a weak to moderate negative 
association. 
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At Minambakkam the Daily Total Radiation has shown both positive 
and negative transitions, but the bright hours of sunshine have shown an overall 
decline for all the months as well as the annual. The association of Daily Total 
Radiation (DTRAD) with the temperature is largely a weak to moderate 
positive and negative association. The Bright Hours of the Sunshine (BHSS) 
have a weak to moderate positive and negative association. There exists a weak 
to moderate to strong inverse association between Daily Total Radiation and 
cloud cover, although short with Bright Hours of Sunshine, it has moderate to 
strong inverse association. Amongst the four stations the range in Daily Total 
Radiation was the highest at Safdarjung whereas in the Bright Hours of 
Sunshine it was the least. Mumbai recorded the highest range in Bright Hours 
of Sunshine. 
Chapter X dealt with the 'Wind Velocity Transition and Urban 
Heat Island'. The wind velocity transition has been evaluated with regard to 
the urban landscape. A causal relationship has also been sought between wind 
velocity and the mean sea level pressure, for the four megacities. The surface 
wind velocity is one of the important parameters which is modified by the 
irregular skyline presented by the builtup surface morphology in an urban 
centre. The wind might exercise a dislocation or the complete elimination of 
heat islands through the combined effects of upward turbulence and lateral 
advection in the lower atmosphere. The wind velocity transition for the four 
megacities during different seasons has shown a rather declining trend. 
At Palam in Delhi the mean monthly transition has illustrated a 
significant decline in wind velocity in all the months. The seasonal trend has 
shown a small decline for winters, followed by increased decline in summers 
and a still further decline in the monsoon season. This trend illustrates that 
winters are the season of enhanced pressure differences, with high pressure 
prevailing in the heart of the land represented by Delhi. The wind blows from 
the northwest to southeast direction during this season. In the other season 
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winds blow from all directions. A weak to moderate inverse association with 
the mean sea level pressure exists in most of the months, while a few months 
have also a very weak positive association. At Safdarjung the mean monthly 
wind velocity transition has shown a more significant decline than at Palam. 
The seasonal trend is less during the winter season than during the summers 
and the monsoon season. Thus, between the two stations besides the weather 
phenomenon and pressure differences, Safdarjung has shown greater decline in 
wind velocity owing to its landscape morphology. There exists a weak positive 
and negative association between wind velocity and pressure. There has been 
an increasing trend in pressure while the wind velocity reflects a substantial 
decline. The uneven builtup surface is an explanation for this paradoxical 
situation. 
At Colaba in Mumbai the overall mean monthly wind velocity is 
highly reduced. There is a substantial decline in its transition for all the months 
and all the seasons. Winters are followed by summers and the difference in 
transition between the two is very small. Summers are followed by monsoons 
in which it is highly reduced. Colaba has a very weak positive and negative 
association with the mean sea level pressure. At Santacruz too, there is a high 
decline in the mean monthly wind velocity transition. The seasonal decline is 
still greater than that at Colaba. The location of Santacruz which is more inland 
in comparison to Colaba, alongwith the rapid sprawl and densification of the 
area appear to be the major reason for such a difference. A weak positive 
association does exist in most of the months although a few also demonstrate a 
very weak inverse association with the mean sea level pressure. 
At Kolkata the mean monthly transition is also negative. The seasonal 
transition is varying between a very small decline during winters to greater 
decline during summers and a small decline during the monsoon season. 
Hence, summers seem to have enhanced calm conditions. There exists a weak 
to moderate inverse association for all the months with the mean sea level 
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pressure. At Dum Dum there is an overall decline with the comparatively 
higher decline than at Kolkata. The seasonal decline is so pronounced that 
there ought to be a well developed heat island at Dum Dum. There exists a 
weak to moderate inverse association in most of the months with the mean sea 
level pressure. 
At Nungambakkam in Chennai too there is an overall decline in mean 
monthly wind velocity. The seasonal transition is not fluctuating much with 
respect to the other. Winter transition is still lower than summers and the 
monsoons. Here, a weak to moderate positive association occurs in most of the 
months, except for the winter months, which have a weak to moderate inverse 
association with the mean sea level pressure. At Minambakkam the mean 
monthly negative transition is marked by an increased decline during all the 
seasons. Thus, Minambakkam has recorded greater decline in wind velocity as 
compared to Nungambakkam. Here, exists a fair amount of positive association 
in most of the months. Weak to moderate negative association appears for the 
winter season with the sea level pressure. It may be noted that amongst the four 
megacities, it is Mumbai which has recorded a substantial decline in wind 
velocit}' than the other stations. This may be a reflection of greater 
urbanization, tall skyscrapers and a higher built up density at Mumbai than 
anywhere else. Such a vertical builtup is owing to the space constraint as well 
in the island city. 
The Urban Heat Island findings for the four megacities are not similar 
as the size, structure, growth and location of these cities is very different and 
diverse. Each has its own climatic characteristics owing to its North (Delhi) 
South (Chennai), East (Kolkata) and West (Mumbai) location representing the 
four meteorological zones of India. These cities continue to experience 
population boom because of continued emigrant influx, who find encouraging 
employment prospects in the increasingly centripetal economic layout. The 
degree to which urbanization influenced climatic parameters varied with each 
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climatic variable and each climatic zone. Such varied impacts with regard to 
temperature, rainfall, relative humidity, evaporation, cloud cover, solar 
radiation, wind velocity and mean sea level pressure have been evident. A heat 
island forms because of the differences in the rates of warming and cooling of 
cities relative to their surroundings. Heat island intensity is a measure of the 
strength and magnitude of the heat island. 
The nature of the builtup surface has a strong influence on the spatial 
patterns of air temperature in the city. The temperatures are higher in more 
densely built up areas, and lower but stable near parks or more open areas. 
Geographical location influences the micro climate of the area as well as the 
characteristics of the rural surrounding of the city. Local wind systems may 
also have their share of impact on the heat islands. Coastal cities experience 
lowering of temperatures in the summer when the sea surface temperatures are 
lower than the land and the winds also blow onshore. When cities are 
surrounded by moist to wet rural surfaces, slower cooling by these surfaces can 
reduce heat island magnitudes, especially in warm humid climates. 
Heat islands of cities located in the mid latitudes are usually strongest 
in the summer as well as winter seasons. In tropical climates, the dry season 
may favour large heat island magnitudes. Anthropogenic heating through air 
conditioners usually has the largest impact during the winter season in 
downtown core of the mid latitude cities. While, the exhaust heating by air 
conditioners in the summers of tropical cities is limited and it is also very 
meagre in the mild tropical winters. Very densely builtup cities may have 
significant summer time anthropogenic heating which results from high energy 
use for cooling of the buildings. The lack of data and absence of well 
distributed stations within the city is a major constraint in the micro level 
spatial analysis of the Urban Heat Islands in the four megacities of India. The 
location of traditional stations at the airport premises is not conducive to reveal 
the reality of heat islands. The urban heat island scenario could have been 
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better demonstrated if the stations or the monitoring devices were in the 
industrial enclaves and the high density areas. In this context, one can say that 
the doctoral research in the developing countries is more an experience than 
the study. Here lies the course and scope for future research and project 
studies. 
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The present thesis is an enquiry of the climatic transition in the 
major metropolitan cities of India. The urban climate is an expression of the 
micro-climate. The evaluation of climatic transition has been made by 
undertaking the urban heat island study of the four megacities of India, 
namely Delhi, Mumbai, Kolkata and Chennai. Other research works have 
normally undertaken the study of one city. The advantage of this study is 
that the researcher has made a comparative evaluation of the heat island 
scenario of different cities which are located at four cardinal directions of 
India in the northern region, in the western region, in the eastern region and 
in the southern region. These cities are located at a distance of 1,500 to 
2,500 km from each other. Hence, they have inherently varying climatic 
regime and different demographic and urban growth rates. 
A galaxy of meteorological data had to be employed in the present 
analysis. This study attempts to understand a cause and effect relationship 
belvvfeen the urban heat islands and the global warming. There appears a 
possible causal relationship between urban heat island and the global 
warming. It has been examined that the urban heat islands are the nuclei of 
global warming. Large urban centres are the hub of human activity. The big 
cities exercise a considerable influence on the landuse in the region around. 
The functional attributes of the city propel the activities in the city region. 
Therefore, an enquiry into the nature and intensity of urban heat islands 
would be of great significance not only to the urban planning but also in 
understanding the phenomenon of global warming. 
A useful study of the city problems requires a deep and 
comprehensive understanding of the economic and social worlds and their 
relationship with environment. India is passing through a transitional phase 
where the urban centres are the focal points of change. India is traditionally 
an agrarian country with three quarters of its population living in rural areas. 
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But with the phenomenal growth of population the agricultural sector is 
unable to sustain it in the rural areas with no other alternate occupation 
available. There is a mass migration of population to urban centres in search 
of secondary and tertiary occupations. This results in urban expansion which 
also has its bearing on urban landuse, vis-a-vis its atmosphere. During the 
course of various Five Year Plans in India urban planning was accorded 
priority as early as in the 2"'' five year plan. 
The city areas where the high income groups concentrate are likely 
to have high per person greenhouse gas emissions and waste generation. 
While the areas where low income groups are concentrated have very low 
average levels of resource use, waste generation and greenhouse gas 
emissions (Hardoy et al. 2001). Still, however, the waste disposal in the low 
income group areas is very low. At the same time, intraurban variations may 
play an important role in determining how cities respond to environmental 
issues. 
The higher global temperatures would mean increased human 
exposure to exceptional heat waves. This is likely to cause discomfort for 
many and the premature death for some. The elderly, the very young and 
those with incapacitating diseases are likely to suffer the most (WHO 1992). 
The inhabitants of the large cities who are already exposed to great heat 
islands will be particularly at risk. High relative humidity will considerably 
amplify heat stress (WHO 1992). Increased temperatures in cities can also 
increase the concentrations of ground level ozone, as it increases the 
reaction rates among the pollutants that form ozone. It will also bring 
changes in the distribution of infectious diseases. Warmer average 
temperatures would lead to an expansion in the affected area in which 
'tropical diseases' can sprout up. 
Cities in the developing world have experienced an unprecedented 
growth since the 1950s. This growth is self perpetuating in the sense that it 
continues to attract people, jobs, services, interests and opportunities. Urban 
populations have increased at rates which have had profound implications 
on the demand for housing and the provision of urban services. As a result, 
in almost all the developing countries there has been an inability of 
authorities to respond adequately to rapid urbanization and, in particular, to 
provide adequate basic urban services. This is a situation which is proving 
detrimental to the maintenance of a congenial and healthy living 
environment. The plight of the urban poor is particularly pathetic. 
Environmental health conditions in many cities are severely 
threatened. An increasing proportion of urban housing is hurriedly buih and 
cities that have experienced this rapid growth are largely unplanned. These 
growing populations have stretched the available urban services as well. As 
a result, urban environmental quality has degraded. Air and water pollution 
may be the most noticeable manifestations of this malaise. 
Urban Heat Islands, global climate change and increasing weather 
uncertainties are the major environmental issues facing the world today. 
These uncertainties have a direct and profound impact on the ecology, 
economy and the society. They carry a deteriorating effect both on rural and 
urban habitats. In this context it is proposed to evaluate the urban climatic 
change in the megacities like Delhi, Mumbai, Kolkata and Chennai in India. 
An attempt has been made to study the change if any in the time series data 
pertaining to the meteorological parameters such as temperature, rainfall, 
relative humidity, cloud cover, evaporation, solar radiation and wind 
velocity. 
Urban setup is beset with several socio-economic and 
environmental problems and the 'Urban Heat Island' being one of the most 
disturbing issues of the present times which has been given very little 
administrative as well as scientific as well as administrative attention. 
A recent NASA satellite study make an exaggerated estimate that 80 
per cent of the world's population will live in cities by 2025. India's 
population by the 2001 census stands at 1,028 million with a total urban 
population of 285 million. Out of total urban population, 108 million or 
nearly 40 per cent live in the 35 million plus cities. About 47 million are 
concentrated in the four megacities of Delhi, Mumbai, Kolkata and Chennai 
alone. This comprises 42 per cent of the total metropolitan population. 
Unprecedented urbanization owing to rapid industrialization and economic 
proliferation has constrained the limited land resources as well as created an 
impact on its atmosphere. In view of this, it is necessary to undertake a 
study concerning the effect of the urban environment, builtup density and 
anthropogenic activities on the urban atmosphere, which in turn would 
affect the day to day weather conditions and the quality of life. Urban Heat 
Island is one such phenomenon of the heat of urban surfaces and the relative 
warming of the urban atmosphere. This has had negative effect on human 
health and increased cases of human stress have been registered. 
Urban Heat Islands are responsible for global warming even though 
they are small scale phenomena and cover only less than 4 per cent of the 
earth's surface area. However, some urban to global scale connections may 
be attributed to half the world's population which lives in cities, who are 
responsible for most greenhouse gas emissions originating from the cities, 
that contribute to global climate change. 
(i) The present study is an attempt to envisage whether there is a linear 
relationship between population size of the city and the Urban Heat 
Island. 
(ii) To examine a relationship between the builtup density and urban Heat 
Island with regard to climatic variables such as Temperature, Rainfall, 
Relative Humidity, Cloud Cover, Evaporation, Solar Radiation and 
Wind Velocity. 
(iii) Whether Urban Heat Island is a serious problem of the tropical 
developing world more than that of the temperate developed world. 
The research work encompasses the four megacities whose 
enormous data handling was a difficult proposition. At the initial stage, it 
entailed a lot of travel to reach out to these cities for field visits. All of the 
data was not easily available, some were in the processing stage and some 
were not for public use for unknown security reasons. Again, acquiring data 
from India Meteorological Department too was not simple, it entailed 
several problems. The Meteorological data pertains to only two stations for 
each city. One at the regional meteorological station and the other at the 
airport. Each meteorological station subscribed to the erstwhile suburb 
which has today merged with the high density urban landscape. The airport 
although located in a suburban locality is beginning to experience the 
offshoots of the urban sprawl. Therefore, the results acquired from such 
meteorological stations have not depicted the actual sensible heat which 
people endure. In this context, one can say that the doctoral research in the 
developing countries is more an experience than the study. The work could 
have provided commendable results had the modern techniques of mobile 
traverses and mounted and hand held radiometers been used for several 
localities along with remotely sensed thermal data for each city, to read the 
nature of radiant energy at a particular spot and of varied built up density. 
The work is largely based on secondary data pertaining to the 
climatic parameters acquired from India Meteorological Department, Pune. 
The data of city landuse and land cover was obtained from the respective 
city municipalities and development authorities. The temporal growth of the 
city has been examined and the time series meteorological data of post 
independence period of 1951 till 1998 and 2000 was put to regression 
analysis to find out the rate of change of the respective variables with time. 
As rainfall variability is inherently high from one year to another, it was 
subjected to stratified random analysis to obtain the below normal rainfall 
years. A causal relationship among the parameters too was drawn for which 
Pearson's correlation coefficient technique was applied and the Analysis of 
Variance was established and the level of significance at 0.01 level was 
determined using the 'F ' distribution table. Statistical Package for Social 
Science Studies (SPSS) was used for finding out the correlation between the 
variables, if any. Arc View 3.1 GIS software was used for preparing the 
various maps. 
As the research was rather capital intensive a really good report 
could have been brought with the help from some government research 
institutions. As already specified, the work is an extensive exploration into 
the nature of landuse of each city and its impact on the urban climate. Very 
little work is available on the subject in India or for cities in the tropics. This 
work, although, having its own limitations will provide the basic idea on 
how to frame a study for urban environmental problems. The trends in the 
climatic parameters is a storehouse in itself and can provide ready reference 
for any future study. 
The work has been divided into ten chapters and each chapter has a 
definite problem to define. The major empirical findings in the thesis begin 
from chapter four. However, the first three chapters also appear to be 
indispensable to the scholar. 
In chapter I on "Concept of Urban Heat Island and Global 
Warming", the conceptual framework has been dealtwith. The nature and 
problem of urban heat island has been thoroughly discussed, in its 
relationship with global warming and its implications on urban 
microclimate. The problems of heat island study have been taken care of 
This chapter introduces the database and research methodology. It also 
highlights the research objectives and the hypotheses of research. 
In chapter II on "City Infrastructure Growth and Urban Heat Island" 
the problem of urbanization has been discussed. An overall world scenario 
on urban development has been discussed and it has been attempted to 
highlight the structure of the Indian urban system and city growth and the 
overcrowding problem and eventually the development of an urban heat 
island and climate change detection. 
In chapter III on "Indian Megacities and their Landuse Pattern", a 
thorough study of the landuse pattern and population growth of each of the 
Indian megacity has been dealt with to raise a curious insight into the 
existing problem and give a definitive understanding to the creation of an 
urban heat island. 
Chapter IV on "Changing Thermal Regime and Urban Heat Island", 
attempts a comparative evaluation of the mean monthly thermal regime in 
the Indian megacities and analyses its changing trends in time. Temperature 
is one of the most important parameters of climate and is immediately 
affected by urbanization. The trend analysis for the mean maximum, mean 
minimum and average temperature has been undertaken. Each has been 
illustrated by means of figures and tables and an established heat island 
within the city has been identified. 
In Chapter V on "Rainfall Variability, Changes and Urban Heat 
Island" mean monthly rainfall regime of the four megacities has been 
evaluated. A random analysis has been done to evaluate the total number of 
below normal rainfall years. Each has been illustrated by means of tables 
and diagrams. Rainfall variability has been examined between stations 
within each city. A causal relationship between rainfall and temperature has 
been drawn for the four cities. 
Chapter VI on "Humidity Transition and Urban Heat Island" 
contains a brief account on the percentage variation of mean monthly 
relative humidity and its transition over the urban landscape. The results of 
the regression analysis for the four megacities have been demonstrated. A 
causal relationship has been drawn between relative humidity and rainfall; 
temperature and wind velocity. 
Chapter VII on "Cloud Cover Transition and Urban heat Island" 
contains a brief account on the mean monthly cloud cover characteristics 
and its transition over the city. The results of the regression analysis have 
been explained with a causal relationship between temperature, rainfall and 
wind velocity in the four megacities. 
In chapter VIII on "Evaporation Transition and Urban Heat Island", 
mean monthly evaporation transition has been discussed. A brief account of 
evaporation behaviour over the builtup landscape has been identified with its 
relation to urban heat island. A causal relationship has been attempted with 
regard to temperature, wind velocity and relative humidity. 
In Chapter IX on "Solar Radiation Transition and Urban Heat 
Island", mean monthly solar radiation and bright hours of sunshine 
transition have been discussed intensely to derive an idea of the magnitude 
of the Urban Heat Island. A causal relationship has been attempted between 
temperature, cloud cover and relative humidity. 
Chapter X on "Wind Velocity Transition and Urban Heat Island", 
discusses mean monthly wind velocity transition in the four megacities, its 
characteristics with regard to the urban landscape. A causal relationship has 
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Chapter-1 
CONCEPT OF URBAN HEAT ISLAND AND GLOBAL 
WARMING 
Statement of the Problem : 
Evaluation of climatic transition in the major metropolitan centres 
(megacities) is intimately related with the phenomenon of changing urban 
heat islands in terms of number, size and intensity. Changes in the urban 
climate are also associated with the phenomena of global warming. There is 
an evident causal relationship between Urban Heat Island and the Global 
Warming. It has been examined that the urban heat islands are the nuclei of 
global warming. Urban centres are the hub of human activity. The city 
influences even commands the landuse in the region around it. The 
infrastructure and growth of the city propels the activities in the city region, 
Hence, an enquiry into the nature and intensity of urban heat islands would 
be consequential to not only the urban planning but also in understanding 
the phenomenon of global warming". The study is largely aimed to 
understand a cause and effect relationship between the urban heat islands 
and the global warming. Today the world is urban. More than 50 per cent of 
the world population is urban dweller. 
Global warming is occurring at a time when many of the world's 
life support systems are already stressed by the rapid growth of population, 
industrial development and need for agricultural land and unsustainable 
exploitation of natural resources. These stresses are caused both by careless 
and shortsighted actions and as consequences of poverty and 
underdevelopment. 
India's demographic and geopolitical situation makes its potential 
contribution to global warming very large. There is an urgent need to 
improve our understanding of monsoonal rains in the tropics. In this context. 
the development of mathematical models for diagnostic tests is strongly 
recommended. Such models can be used to test model sensitivity to : 
(a) Sea surface temperature. 
(b) Coastal upwelling. 
(c) The impact of afforestation on rainfall. 
(d) Fluctuations in the earth atmosphere radiation balance as a 
consequence of increasing greenhouse gases : Model performance 
depends critically on accurate knowledge of clouds and their 
distribution in space and time. 
The entire world aims at what has been called the sustainable 
development. Emphasis should also be placed on meeting basic needs for 
health care and sanitation. Whether or not a certain agreement is beneficial 
to a country depends on several factors. What is basically needed is a 
comparison between the abatement cost and benefit streams with and 
without the agreement. Although, several game theoretic papers have 
examined this problem, in a rather stylized way. Global warming is analysed 
as an open access resource problem. The atmosphere is used jointly by all 
countries of the world to dispose of, among other substances, CO2 which is 
emitted as a by-product of Gross National Product producing activities. 
However, the accumulation of CO2 in the atmosphere has negative effects in 
the form of future climate change, and this is not only for the emitting 
countr)^  but for the world as a whole, that is each emitter imposes a negative 
externality on the rest of the world.' 
Yet, there is much hidden pressure on the developing world for cuts 
of generating CO2. Ever since the signing of the Kyoto Protocol in 
December 1997, the climate change issue has been heating up for India and 
Samuel Frankhauser (1995), International Cooperation - sharing the abatement burden, 
Valuing Climate Change - The Economics of the Greenhouse - Earthscan, (pp. 136). 
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the other developing countries. Before Kyoto the onus was on the 
industrialized countries to agree to legally binding commitments to control 
their greenhouse gas (GHG) emissions. But once this group took on such 
commitments, their attention will turn to developing nations and 
international co-operation, could greatly help the industrialized countries 
reduce the costs of meeting their targets by funding emission reductions in 
developing countries and then applying the credits for this reduction in their 
own countries (incorporated in the Kyoto Protocol) and this is termed the 
Clean Development Mechanism (CDM). 
This will require developing an aggressive and pro-active 
negotiating strategy. Such an allocation can be done only on the basis of a 
transparent, objective and logical framework, consistent with the principles 
on which the climatic convention is based, to share the global problem. 
Thus upgrading the technological capabilities of its own industry should be 
a central objective of India's CDM strategy. Thus it is India's own interest 
to use the climate issue to build up and strengthen energy research and 
development capabilities. 
In the absence of an international agreement this externality is not 
taken into account. Countries are only concerned with the global warming 
damage affecting themselves and their optimal level of abatement will be 
achieved at the intersection of the marginal abatement cost curve with the 
individual marginal benefit curve of damage avoided in the country itself.•^  
Focus of the Present Study 
The global climate change and increasing weather uncertainties and 
urban heat islands are the major environmental issues facing the world 
today. These uncertainties have a direct and profound impact on the 
2. Sagar A (May 12, 2000), The Climate Debate - Frontline, a publication of The Hindu. 
3. Pachauri R.K, and Gupta S (ed)(1989): Global Warming and Climate Change 
Perspectives from Developing Countries; TERI, New Delhi, p 164 
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ecology, economy and society, and carry a deteriorating effect both on rural 
and urban habitats. In this context it is proposed to evaluate the urban 
climatic change in the megacities like Delhi, Kolkata, Mumbai and Chennai 
in India. Urban Heat Islands are stimuli or the driving force of regional and 
ultimately global warming conditions. Though the quality of urban 
atmospheric environment has of late become a major concern for 
environmentalists, there is a great dearth of definitive works on the subject 
in the tropical world vis-a-vis the Indian cities. 
Objectives of the Study : 
i) to examine whether really an appreciable climatic change pattern 
exists as is often envisaged. 
ii) To ascertain the inherent climatic stability in different regions of the 
Monsoon regions. 
iii) To obtain a closer understanding of the mutual interaction and 
interrelationships among the climatic variables. 
iv) A comparative evaluation and the possible causes of different degrees 
of climatic change in the metropolitan centres. 
Research Hypotheses 
The research is an attempt to verify the following premises : 
i) Whether there is a linear relationship between the population size of 
the city and Urban Heat Island. 
ii) Whether urban heat island is a serious problem of the developing 
world more than that of the developed world. 
iii) To examine a relationship between the vast contiguous sprawl of the 
megacities and the degree of Urban Heat Island. 
iv) To examine a relationship between the built up density and Urban 
Heat Island. 
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v) There is likely to be a positive trend in temperature over time as a 
consequence of increase in built up area. 
vi) The temperature change differential between the two meteorological 
stations would indicate the degree or the propensity of urban Heat 
Island. 
vii) There is likely to be a negative trend in rainfall. 
Database and Research Methodology 
The present study has employed the climatic data acquired from the 
India Meteorological Department Pune from 1951 till 2000, for the four 
Megacities of Delhi, Mumbai, Kolkata and Chennai. Mean monthly and 
mean annual climatic data in terms of rainfall distribution, temperature 
regime, relative humidity, sunshine duration, wind velocity and evaporation 
conditions have been acquired arranged and analysed to examine the 
climatic changes. Simple linear regression statistical technique has been 
performed on all the climatic variables except rainfall, which owing to its 
periodic irregularity and uncertainty stands randomly sampled. Statistical 
diagrams including bar diagrams and line diagrams have been used. Beside 
this ArcView3.1a,Arc GIS 8.6 and Erdas Imagine 8.4 software has been 
used for the better interpretation of the data. 
For the analysis of climatic trends meteorological data of 48 years 
(1950-1999) were obtained from the India Meteorological Department, 
Pune. The data comprises of conventional climatic indicators such as rainfall 
distribution, temperature regime, relative humidity, sunshine duration, wind 
velocity and pan evaporation. Wherever the data was missing for an 
individual "month cell" for any variable, it was filled up by taking an 
average of six years representing three immediately preceding years and the 
three following years. Thus the chance of bias filling, which could otherwise 
have adversely affected the trends either way, was minimized. 
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Regression analysis has been performed for assessing the trend of 
changes in all the climatic indicators. Regression analysis postulates a causal 
relationship between a dependent variable and one or more independent 
variables. The dependent variable is supposed to be functionally dependent 
on the other variables. The regression model attempts to explain observed 
changes in the dependent variables. 
The causal relation between the dependent variable (Y) and the 
independent variables (Xi, X2, X3 .... Xn) may be of any implicit functional 
form. But the available techniques of estimation require the function as an 
explicit function. An explicit functional form widely used to express the 
causal relation between a dependent variable and an independent variable is 
linear form. Even if the relation is not linear, when the relevant range of 
operation is small, the linear form may adequately represent the true 
functional form. The linear regression may be expressed as : 
Y = a + bX, where b is the base and 
b = n SXY - S (X) E(Y)/n Z (X)^ - (SX)^ 
Trends in rainfall distribution was analysed by calculating the mean 
of the study period, and the number of years with above normal and below 
normal rainfall were identified. 
Literature Review 
Latest Research in Contemporary Global Warming Trends 
It appears that a real warming of 0.4°C has occurred during the 20"^  
Century and that it accelerated in the 1980s after a three decade lull. In the 
1980s there have been very severe droughts and there is a natural tendency 
for observers to view these as manifestations of the greenhouse effect, 
several formulations of which predict drought in mid-latitude areas. 
Although this is a possibility, most authorities agree that the droughts and 
other fluctuations are expressions of climates natural internal variability and 
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not of externally forced change. The reasons for such large scale variability 
remain unclear, however. 
Other aspects of recent climatic fluctuations (i.e. long-lasting 
change) that deserve attention are the great African Desiccation of the 
1960s, 70s and 80s and the recognition of the El Nino/Southern Oscillation 
(ENSO) phenoraenon as a source of worldwide variability. ENSO events 
recur every three to seven years. The immediate symptom is the flooding of 
the normally cold Pacific coastal waters off Peru by warm equatorial water 
from the west. Such El Nino events are accompanied by changes in the trade 
winds over the entire Pacific and by large rainfall anomalies over 
Australasia, India and parts of southeast Asia (the southern Oscillation 
component).'' 
Global Warming research is strongly in the hands of the 
Intergovernmental Panel on Climate Change (IPCC). The IPCC was initiated 
by the United Nations Environmental Programme (UNEP) and the World 
Meteorological Organization (WMO) in 1988 with the triple task of: 
(a) furthering scientific understanding about global warming (Working 
group I) 
(b) assessing its impacts (working group II) 
(c) formulating possible response strategies (Working group III). 
By the time of the second World Climate Conference, when it 
presented its first report, the IPCC had become the authoritative body on 
Global Warming. Hundreds of scientists had been involved in producing the 
reports of the three Working Groups, either as authors or as reviewers. The 
IPCC succeeded not only in achieving a scientific consensus but also in 
conveying the issue to a hitherto or ill-informed public (Grubb et al. 1993). 
4. Encyclopaedia Britannica (1993), Macropaedia, Vol. 16, pp. 494-95. 
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Its work continued after the conference and a supplementary report was 
issued in 1992. A second round assessment was being carried out throughout 
1994, with the aim of producing an updated assessment by early 1995. In 
this second assessment socio-economic aspects were given much weightage 
: the reorganized Working Group III predominantly devoted to socio-
economic considerations.^ 
Recent researches at the Scripps Institution of Oceanography at La 
Jolla, California have shown that major ENSO events are accompanied by 
the world wide changes in pressure distribution and by anomalies in 
temperature and rainfall over North America, Australia and even Eurasia. 
The dynamics of these huge teleconnections of climate are not understood, 
but it is recognized that the year to year variability of the modern climate is 
not a local phenomenon. Moreover such global interconnection have almost 
certainly existed throughout the earth's history. 
Work is being carried on at several places round the globe, Paul 
Loubere from geology and environmental geosciences at Northern Illinois 
University in Dekalb, attributes the phenomenon of climate change to a deep 
ocean current originating south of New Zealand near Antarctica is 
influencing marine life nearly halfway around the world and could be a key 
to understanding climate change. Much of the research into global warming 
involves atmospheric conditions but geologist Paul Loubere said what is 
going on under the waves is just as important as what is happening above 
them. 
He discussed that the equatorial current 300-400 feet below the 
surface is like a secret river that delivers nutrients to the tropical marine life, 
such as plankton, in the eastern Pacific Ocean. The microscopic plants 
absorb the greenhouse gas carbon-dioxide and help to regulate its release 
into the atmosphere. 
5. Samuel Fankhauser (1995),Gioba! Warming Research Valuing Climate Change - The 
Economics of Ihe Greenhouse Earthscan 
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The equatorial current begins south of New Zealand and flows to 
the tropics and along the equator from the West Pacific to the east Pacific 
where it reaches the surface. Loubere has provided physical evidence for the 
theoretical idea that the equatorial current could have a chemical and 
biological effect on the tropics.^ 
The National Aeronautics and Space Administration's (NASA) 
multisatellite experiments showed that the global 'greenhouse' effect of 
clouds is about 30 W/m^ (watts per metre square), in comparison, doubling 
of pre-industrial CO2 concentration would add only about 4 watts per metre 
square (Lindzen, 1990). Because the warming effect of higher atmospheric 
CO2 levels increases only logarithmically, future tropospheric C()2 levels 
would have to be more than two orders of magnitude higher than today to 
produce a comparable effect. In contrast the clouds' cooling effect is close 
to -47 watts per metre square resulting in the net effect of about -16 watts 
per metre square. Without this significant cloud-cooling effect the planet 
would be considerably (perhaps by as much as 10-15 K) warmer. 
Webster and Stephens (1984) estimate that a mere 10 per cent 
increase in the cloudiness of the lower troposphere would compensate for 
the radiative effects of doubled atmospheric CO2. Of course, these facts do 
not guarantee that the clouds will continue to have such a strong cooling 
effect in the future. But realistic assessments receive much less media 
attention than the catastrophic news, and careful refutations of exaggerated 
claims are even harder to find. Two outstanding recent examples include the 
matters of expanding Sahara and the disappearing frogs, process widely seen 
as important indicators of environmental degradafion. Declining frog 
numbers received special attention because frogs were seen as sensitive 
indicators. 
6. A report in the Times of India, dated 4th August 2000, p. 11. 
7. Suple Curt (1998). Untangling the Science of Climate, National Geographic, vol. 193, 
No. 5 (Washington DC, Journal of the National Geographic Society), pp. 44-55. 
8. Ibid. 
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Specific Ecological Issues 
The change in the earth's climate has emerged as a major scientific 
issue in the past few years. This is because of alarming emissions of 
greenhouse gases into the atmosphere. Carbon dioxide is the main 
greenhouse gas and other gases are chlorofluorocarbons (CFCs), Methane 
and Nitrous Oxide.Obviously the question is as to how much can the earth 
be allowed to warm ? According to IPCC an increase is likely by an average 
global surface temperature of around 1°C by 2030 A.D. and 3°C before the 
end of the next century if greenhouse gases are released at the present rate 
(Lagget, 1990), The decade of 1980s marked six of the seven hottest 
summers since 1.8 billion tonnes of CO2 were released into the air every 
year through burning of coal and automobile emissions (India Today, 
1992).The effects may be severe. One of the biotic effects will be the rapid 
destruction of forests without their replacement. Rising temperature could 
convert fertile belts of N. America and the Mediterranean into arid regions 
(India Today, 1992). 
Huntley^ (1990) believes that if emissions of greenhouse gases 
continue then most organisms will decline in numbers and some will 
become extinct. A hole in the ozone layer above the Antarctic was reported 
by scientists during the 1980's due to release of a manmade group of 
chemicals containing chlorofluorocarbons used in refrigerators and air 
conditioners. A similar hole is feared to be forming over the thickly 
populated developed regions of Europe and North America. As a resuh the 
developed countries have agreed to give up 90 per cent of the ozone 
depleting gases by 2000 A.D. during the Montreal protocol of 1988. The 
developing countries were given a ten year grace period (India Today, 
1992). 
Huntley B. (1990). "Lessons from Climates of the Past", in J. Lagget (ed) "Global 
Warming: The Green Peace Report", (New York : Oxford University Press), pp. 133-
148. 
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Increase in greenhouse gases and consequent global warming will 
result in a rise in the present sea level by 0.5 to 2 metres by 2100 A.D., since 
the oceans act as reservoirs of heat. Some of the most vulnerable areas in the 
world which would face submergence are Nile delta in Egypt and the 
Ganges delta in India and Bangladesh. Apart from that numerous island 
nations like Maldives would experience deep in roads by the sea (India 
Today, 1992). 
Woodwell'° (1990) indicated that the change in oceanic circulation 
will alter the rates of exchange of atmospheric CO2 with carbon stored in 
other forms in ocean water. 
Raza" (1992) observed that the developed countries basically are 
responsible for the heavy concentration of heat trapping synthetic gases in 
the atmosphere since 1950s.One of the six issues in the Rio Conference of 
1992 was on Greenhouse Gas Emission, which divided the North and the 
South. The northern advanced countries wanted 20% cut in greenhouse 
gases like CO2 and Methane by 2005 A.D. while the southern developing 
countries blamed the North for excessive emission over the last 50 years and 
wanted them to reduce it. They were opposed to cut their own emission as it 
would hinder development. The developed countries worry about 
developing countries' rate of population growth coupled with deforestation 
in these countries which are major sources of carbon emission. Germany 
which accounts for 3.2 per cent of the global carbon emission has 
unilaterally committed to cut 25 per cent emission by 2005 A.D. 
Ramakrishna (1990) pointed out that the developed or rich 
countries have realized the negative consequences of their economies and 
10. Woodwell G.M. (1990). "The Effect of Global Warming", in J. Lagget (ed) "Global 
Warming: The Green peace Report" (New York, Oxford University Press), pp. 16-132. 
11. Raza M. (1992), "Global Warming and its Implications for the Developing World" in 
M. Raza (ed) "Development and Ecology, Essays in Honour of Mohd., Shall", (New 
Delhi: Rawat Publications), pp. 97-106. 
12. Ramakrishna K. (1990), "Third World Countries in the Policy Response to Global 
Climate Change", in J. Lagget (ed) "Global Warming : The Green Peace Report" (New 
York, Oxford University Press), pp. 421-437. 
19 
lifestyles on global warming. The developing or poor countries perceive it as 
a more peripheral issue as their priorities are sustainable economic 
development, management of balance of payments, deficits and external 
debts by promoting industrial growth and the export. It was strongly felt by 
the developing countries that to address issues like global warming the 
developed countries must take the lead and evolve a development strategy 
other than the dependence on fossil fuels. 
Haines'^ (1990) felt that the temperature change will perhaps 
influence incidence of major diseases like cardiovascular and respiratory 
diseases. A study carried out in the United States on mortality suggested that 
temperature above a possible threshold temperature of 33°C (92°F) will 
increase mortality if acclimatization does not occur. 
Raza'"* (1992) pointed out that though the effect of greenhouse gases 
will be global, developing countries of Asia, Africa and Latin America are 
more prone to destruction on account of their weaker technologies and 
infrastructural loses, greater dependence on primary natural resources and 
lack of financial resources necessary to mitigate the effects on agricultural 
and on the fragile coastal ecosystem. As a consequence of an increase of 
2°C in temperature expected by the year 2030 A.D., other things remaining 
the same, rice production in the high yield areas of Punjab and Haryana will 
be reduced by 0.75 per cent tones per hectare while wheat production would 
decline by 10 per cent. 
Haines''' (1990) is also of the opinion that foodgrain production in 
countries with poor water management and irrigation such as India and 
Burma is likely to be most vulnerable to changes in temperature and rainfall. 
13. Haines, A. (1990), "The implications for Health" in J. Lagget (ed) "Global Warming 




Pachauri'^ (1993) considers that in the future, international relations 
will be dominated by ecological concerns and issues. Negotiations would 
pertain to safeguarding the earth's environment. Developing countries must 
accept this, otherwise they are the greatest losers. India must take the lead 
since the country has the basic skills and infrastructure for meaningful 
research and since it is a major developing country it can play a key role in 
global negotiations. 
Paul Brown'^ (1996) in his book 'Global Warming' has enumerated 
the latest findings of 1,000 top scientists along with the politics and what 
little has been done and the struggle for survival that lies ahead. The 
scientists warnings have gone largely unheeded by the public and the 
politicians, who are bombarded by propaganda from two sides. The green 
lobby and endangered countries on one hand and the fossil fuel lobby, free 
marketeers and oil states on the other. All of these issues are examined here 
in this authoritative and sometimes alarming book. 
Keith Boucher'^ (1999) links Global Warming with the idea of an 
increasing greenhouse effect. He opines that once the nature of the problem 
has been outlined, three main areas will have to be addressed. Firstly there is 
the scientific evidence for global warming, secondly, the study of the likely 
impact and thirdly the formulation and implementation of strategies to cope 
with such impacts. The contribution of geographers has chiefly been in the 
applied field of the impact studies. 
The proceedings of the Conference on Global Warming and Climate 
Change Perspectives from Developing Countries organized by the Tata 
16. Pachauri R.K. (1993), "Climate Convention Problems and Prospects", The Hindu 
Survey of the Environment (Madras, The Hindu Publication), pp. 53-57. 
17. Brown, P. (1996), "Global Warming, Can Civilization Survive?" (Hyderabad 
Universities Press). 
18. Boucher, K. (1999). "Global Warming", Pacione (ed) Applied Geography: Principles 
and Practices; An Introduction to useful research in Physical, Environment and Human 
Geography (New York : Routledge). 
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Energy Research Institute in 1989, concluded on the note that because 
climate change is truly a global problem it requires global solutions, 
involving co-operative actions by all countries. Implicit in this is the 
necessity for differentiated responses by industrialized and developing 
countries. Industrialized countries will need to taice earlier remedial actions 
and to assist developing countries' efforts, in particular through resources 
and technology transfer. The World Bank, regional development banks and 
other development institutions will all have to strike a balance on 
• • 1 9 
priorities . 
Singer^ '^ (2000) in his book Hot Talk, Cold Science : Global 
Warming's Unfinished Debate, masterfully analyzes the available data and 
scientific literature to show that the pessimistic and often alarming global 
warming scenarios have no scientific support whatsoever. Even if global 
warming were a proven fact. Singer demonstrates, many of its effects such 
as longer growing season for food and a reduced need for treating with fossil 
fuels would actually be beneficial for humans. The book carefully reviews 
the scientific, economic and policy literature on global warming and 
provides a welcome, reasoned assessment of the facts and uncertainties. 
On the diplomatic front, WMO and UNEP have sponsored the 
Intergovernmental Panel on Climate Change (IPCC), which has developed a 
comprehensive initial assessment of the scientific evidence and impacts of 
climate change, and strategies for policy responses. 
Dennis T Avery^' (1999) reported in the Reader's Digest of the 
October 2000 issue that now researchers say that the earth is likely to warm 
19. Pachauri R.K. and Gupta, S. (1989), Proceedings of the International Conference on 
Global Warming and Climate Change : Perspectives from Developing Countries (New 
Delhi: TERI). 
20. Singer F.S. (2000), "Hot Talk, Cold Science : Global Warmings Unfinished Debate", 
(Independent Institute). 
21. Avery, T.D. (1999). Whats Wrong with Global Warming? (American Outlook), pp. 37-
39. 
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by about 1.8 degrees celcius during the next century. He says that according 
to the Oregon Institute of Science and Medicine, such a rise during the 
medieval period was one of the most favourable in human history. There is 
another scientific opinion that the expected increase in carbon dioxide (CO2) 
levels due to the burning of fossil fuels could create a "plant heaven". CO2 
acts as a fertilizer for plants. More than a thousand experiments with food 
crops in 29 countries show that doubling the world's carbon dioxide would 
raise crop yields by 50 per cent. And with increased CO2, forests all over the 
world should be more robust, allowing them to support more wildlife. The 
most interesting thing which he reckons is that smaller the temperature 
difference between the North Pole and the equator, the milder the weather. 
Most of the warming, if it occurs, will be towards the poles, with very little 
increase near the equator. Thus, there would be less of the temperature 
difference that drives big storms. 
According to the National Academy of Sciences, the global mean 
surface temperature has increased by 0.5 to l.O^F since the late 19"^  century. 
The 20"^  century's 10 warmest years all occurred during the last 15 years of 
the century. Of these, 1998 was the warmest year on record. The snow cover 
in the Northern Hemisphere and floating ice in the Arctic Ocean have 
decreased. Globally sea level has risen 4-8 inches over the past century. 
World wide precipitation over land has increased by about one percent. The 
frequency of extreme rainfall events has increased throughout much of the 
United States. Increasing concentration of greenhouse gases are likely to 
accelerate the rate of climate change. Scientists expect that the average 
global surface temperature could rise 0.6 to 2.5°C in the next fifty years, and 
1.4 to 5.8°C in the next century with significant regional variations. In the 
wake of rising temperatures the evaporation will increase average global 
precipitation. Soil moisture is likely to decline in many regions and intense 
rainstorms are likely to become frequent. Sea level is likely to rise two feet 
along most of the U.S. coast. It has also been suggested that the warming is 
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likely to occur more rapidly over land than the open seas.Estimates of 
climate change for specific areas are much less reliable than global ones, 
and it is unclear whether regional climate will become more variable. 
The United Nations Framework Convention on Climate Change 
(UNFCCC) is to achieve stabilization of greenhouse gas concentrations in 
the atmosphere at a level that would prevent dangerous anthropogenic 
interference with the climate system. 
In the Indian perspective Ambuj D. Sager^^ (2000) reporting on the 
Kyoto Protocol argues that the climate change is a long-term problem and it 
will require among other things, a technology driven transition to a more 
Greenhouse Gas-efficient economy. This in turn will require indigenous 
capability to improve existing and develop new technologies. Given its 
limited financial resources, it is not feasible for India to move its economy 
onto a more climate-friendly trajectory in the long term simply by acquiring 
technologies. He goes on to suggest that it is in India's own interest to use 
the climate issue to build up and strengthen energy research and 
development capabilities. It is particularly important that this also happens 
within the private sector. At present India's energy research and 
development efforts are confined almost completely to public sector 
undertakings (PSUs). The programme of research and development in the 
private sector is critical for the development and diffusion of technologies 
deemed suitable for the industry. 
Chatterjee^^ (1999) treating climate change as a global threat 
cautions that a developing country like India will be most adversely affected 
due to various reasons. In its path of development to achieve sustainable 
22. Sagar D.A. (2000). The Climate Change Debate; Frontline, A publication of The Hindu, 
pp. 37-39. 
23. Chatterjee, K. (2000). Developing Alternatives; Confronting Climate Change, 
Economic Priorities and Climate Protection in Developing Nations, B. Biagini (ed); A 
Climate of Trust Report. 
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development and rapid economic growth, India has adopted various policies 
and technology measures to increase the efficiency of all the economic 
activities to conserve resources and increase industrial outputs and 
efficiencies. In the process, India will not only address its prime national 
agenda, i.e. alleviating and eradicating poverty, but will also indirectly 
address the issue of mitigation of climate change. 
Pachauri and Batra '^* (1998) suggesting on long-term, stabilization 
of GHG emissions to a predetermined level will require all countries to 
move towards a 'convergence corridor'. The developed countries will have 
to redirect their economies and change their lifestyles towards a more 
sustainable path whereas the developing countries could adopt sustainable 
and better technologies early in the process of development. They emphasise 
the need to address adaptation to climate change by the developing countries 
and effect the transfer of resources and clean energy technologies. To 
combat climate change in an effective manner, the challenge is to 
synchronize the short-term commitments under the Kyoto Protocol with the 
longer term requirements of equity, efficiency and sustainable development. 
Ian D. Whyte^^ in his book entitled "Climatic Change and Human 
society" has attempted to bring together material from a wide range of 
sources. This book offers a balanced appreciation of the ways in which 
climatic changes can interact with society. Extensive use is made of case 
studies drawn from around the world to put scientific principles into context. 
The result is a wide ranging stimulating and readable book that will be 
invaluable for those approaching the subject for the first time. 
Houghton John^^ (2004) in his book entitled "Global Warming : The 
Complete Briefing", this world renowned expert explores the scientific basis 
24. Pachauri R.K. and Batra, R.K. (2002). Directions, Innovations and Strategies for 
Harnessing Action for Sustainable Development; Green India 2047. 
25. Whyte D.I. (1995); Climatic Change and Human society; Arnold Publications, London. 
26. Houghton J. (2004) (3rd ed.); Global Warming : The Complete Briefing; Cambridge 
University Press. 
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of global warming and the likely impacts of climate change on human 
society before addressing the action that could be taken by governments, by 
industry and by individuals to mitigate the effects'. 
Houghton John^^ (2002) in the book entitled "the Physics of 
Atmospheres", provides a comprehensive and concise description of the 
physical processes governing the structure and the circulation of the 
atmosphere. Simple physical models are constructed by applying the 
principles of classical thermodynamics, radiative transfer and fluid 
mechanics, together with analytical and numerical techniques. Researchers 
and professionals in atmospheric physics and meteorology will also find it a 
state of the art review of their subject. 
Urban Micro Climate : 
It is apparent that the climate of cities is notably different from that 
of rural areas. H o^ugh^ ^ (1984) dealt with the five major processes that affect 
urban climate. They are (1) differences in materials in urban and rural 
environments, urban structures are multi-facted and act as multiple 
reflectors; (2) greater aerodynamic roughness of built up areas reduces 
prevailing winds, thus their cooling power diminishes; (3) vehicles and 
industries pump large amounts of heat into the city resulting in higher 
temperature; (4) the heavy load of solid particles, gases and liquid 
contaminants that are carried in the urban atmosphere can reflect incoming 
solar energy and heat as well as retard the outflow of heat; (5) rainwater is 
quickly carried away by storm water sewers. In the city, absence of moisture 
inhibits evaporation; therefore the energy that could have gone into the 
process of vaporization is available for heating. Among the influences the 
city has on weather it is the presence or absence of wind that has the greatest 
impact on the comfort of the local climate, according to Hough (1984). 
27. Houghton J. (2002) (3rd ed.); The Physics of the Atmosphere; Cambridge University 
Press. • 
28. Hough M. (1984), "City Form and Natural Process : Towards a New Urban 
Vernacular", (London: Routledge). 
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Aziz (1992), on the other hand, is of the opinion that precipitation 
generally increases in a city. In Washington 30 per cent increase in 
precipitation has been noted over 4 decades and in 8 cities of USA summer 
rainfall increased by 9-27 per cent. Aziz is of the opinion that precipitation 
is more by 5 to 10 per cent and the number of rainy days by 10% due to 
greater convectivity and uplift in the air as a result of the texture of the city 
and also because of a large number of condensation nuclie. 
As felt that cities exert a profound influence on their climates as a 
whole and on its various elements. He points out that the heat wave of July 
1966 in eastern USA caused more than 1100 deaths in New York city and 
more than 500 in St. Louis. In 1952, in London, smog claimed 4000 lives. It 
was felt that microclimate of cities is no longer natural. Heat generated and 
released in a city is observed by ferro-concrete structures and during nights 
the 'blanket effect' restricts radiation. Precipitation is also greatly affected 
by the pollutants. He further emphasized the problem of solid waste 
pollution as solid waste dumps fill up many open spaces and are sources of 
bacterial activity. 
Landsberg^° (1956) observed that the average and extreme count of 
Aitken nuclei in the country-side were 9500 per cubic centimeter and 33,000 
per cubic centimeter respectively. In a city having a population of 100,000 
the numbers were 343,000 per cubic centimeter and 400,000 per cubic 
centimeter respectively, and in cities with a population over 100,000 they 
were 147,000 and 4,000,000 per cubic centimeter respectively. 
Condensation nuclei in such large numbers would he felt promote greater 
precipitation in cities. He was successful in quantifying man's response to 
the major elements affecting him. 
29. Aziz, A, (1992), "Cities and Environment", in Mehdi Raza (ed) "Development and 
Ecology, Essays in Honour of Prof Mohd. Shafi", (New Delhi: Rawat Publication). 
30. Landsberg, H.E. (1956), "The Climate of Towns", in W.L. Thomas (ed), "Man's role in 
changing the face of the Earth", (Chicago, University of Chicago Press). 
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Similar studies have been taken up the worldover by eminent 
scientists and working towards mitigating the abnormal urban climatic 
phenomenon. Many cities of the USA have been integrated by the 
Environment Protection Agency (EPA) and other federal agencies and are 
working towards heat island reduction strategies. One component of this 
initiative known as the Urban Heat Island Pilot Project (UHIPP) involves a 
voluntary partnership between EPA and the three US cities of Sacramento, 
Salt Lake City and Baton Rouge. Heat Island research and exploration of 
mitigation strategies are also under way in Atlanta. Teams in each of these 
cities have been working over four years with scientists at National 
Aeronautics and Space Organisation (NASA) and Lawrence Berkely 
National Laboratory (LBNC) to better understand how heat island reduction 
strategies such as strategic tree planting and the installation of highly 
reflective roof and paving materials can help to reduce energy use, save 
money and prevent pollution.•^^ Such studies are also underway in the 
European cities and Japan. 
Mapping of the urban temperature fields were undertaken perhaps 
for the first time in India during 1973 over the industrial city of Pune by 
Daniels and Krishnamurthy (1973), and the metropolitan city of Bombay 
by Philip et al. ' (1973) using mobile surveys in winter months around the 
minimum temperature epoch. Maske et al.^ "* (1978) extended the study for 
Pune and analysed the characteristics of the heat island. Mukherjee and 
DanieP^ (1976) studied the temperature distribution on a cool night over 
Bombay which included the study of vertical temperature distribution based 
on TV tower observations and routine RS/RW observations. Bahl and 
31. Environment Protection Agency: www.nasa.gov/newsinfo/urban.html. 
32. N. Jayantlii, (1988), Heat Island Study over Madras City and Neighbourhood, Pre-





Padmanabhamurthy^^ (1977, 1979) studied the heat and humidity islands at 
'in 
Delhi by mobile surveys. Krishnanand and Maske (1978) also undertook 
similar studies for Delhi by extending the observation over different months. 
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Sastry (1982) studied such effect in the case of the industrial city 
of Visakhapatnam. Pradhan and Menon (1986) studied the heat island 
effect over Bhopal and indicated that even over a small city like Bhopal the 
effect of urbanization is pronounced and temperature intensity over the heat 
island was found to be of the order of 6.5°C during the winter months. 
Padmanabhamurthy''^ (W.M.O. 1986) has analysed the isotherms 
and isopleths of dew point temperature on a typical day at Calcutta during 
the winter month, February of 1977.In all the above studies existence of 
warm pockets and cool pools has been indicated. The magnitude of heat 
island intensities at these places vary from 0.6°C over Visakhapatnam to 
10°C over Pune and to 11°C over Bombay, the intensity size, shape and 
position of warm pockets depending upon the topography, urban 
morphology, proximity to large water body, stability, intensity and depth of 
surface inversion, wind speed etc. 
Linda Futado and K. Sita'" (1980) and D. Sarkar"*^  (1994) for 
Mumbai, Hema Malini''^ (1989) identified it for Vishakhapatnam, B. 
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variation of Radiation, Energy and Moisture Budgets in the Boundary layer 
at Delhi" sponsored by Ministry of Science and Technology, Government of 
India, Prof. B, Padmanabha Murthy (1999) conducted experiments and 
collected data on temperature, humidity wind at two levels with a portable 
mast and radiation balance components at over forty locations spread over 
the entire length and breadth of the city of Delhi during two summers and 
winters of 1997-98 and 1998-99. He made the following conclusions : 
Industrial and commercial sites are warm and serve as source of 
heat and pollution, while the nearby slums, urban parks or rural areas act as 
cool pockets/sinks of heat/pollution is the characteristic feature of Delhi. 
This prevents long range circulation of the pollutants within the entire urban 
atmosphere. Others in the field are Sarma and Sainath"*^ (1991), Srinivas 
Sarma and Sastry'*^ (1998), S. Suneja''^ (1998) for New Delhi. 
Ochi S. et al.^^ (2001) in their study entitled "Monitoring Urban 
Heat Environment using MODIS data for main cities in East Asia", picked 
up five cities Tokyo (Japan), Seoul (South Korea), Pyongyang (N. Korea), 
Beijing and Shanghai (China) for analyzing the heat environment, with 
different stages of economic development in different geographic locations. 
The urban heat environments of the cities were monitored using MODIS 
data. The land cover characterization and the "Heat Island Intensity" were 
analyzed by comparing the summer images versus the night time images. 
The study concluded that the heat flux is most significant in Tokyo and it is 
about 100 times longer than that of Pyongyang in the summer day time and 




48. Monitoring Urban Heat Environment using Modis data for main cities in East Asia 
http://www.innovationmagazine.com.innovation/volumesA^3n2/free/controversy2.shtml 
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Dr. Shepherd J.M. and colleagues'*^ (2002) at NASA's Goddard 
Space Flight Centre, using the world's first space-based rain radar aboard 
NASA's Tropical Rainfall Measuring Mission (TRMM) Satellite, found 
that mean monthly rainfall rates within 30-60 kilometers downwind of the 
cities were, on average about 28 per cent greater than the upwind region. In 
some cities, the downwind area exhibited increases as high as 51 per cent. It 
was also found that, on average, maximum rainfall rates in downwind 
regions often exceeded the maximum values in upwind regions by 48 per 
cent to 116 per cent. These results were very consistent with earlier related 
experiments in St. Louis, Missouri and Atlanta.Mostly during the warmer 
months the added heat creates wind circulations and rising air that can 
produce clouds or enhance existing ones. Under the right conditions, these 
clouds can evolve into rain-producers or storms. It is suspected that 
converging air due to city surfaces of varying heights like buildings, also 
promotes rising air needed to produce clouds and rainfall. 
Kumar and Singh^^ (2003) in their book entitled "Urban 
Development and Anthropogenic Climate Change : Experience in Indian 
Metropolitan Cities" have tried to cite an academic understanding with an 
empirical approach to the problems together with policy perspectives in the 
Indian Metropolitan cities. Urban induced climate change has been the key 
global issue in the recent years. Urban landuse and landcover changes are 
the main driving forces of changes in atmospheric conditions and bio-
geochemical cycles. They have cautioned that large cities have developed 
microclimates, which modify atmospheric temperature, precipitation, 
humidity wind velocity, visibility, radiation intensity and chemical contents. 
They have pointed out that the rural-urban temperature differences vary with 
49. www.gsfc.nasa.gor/topstory/20020613urbanrain.html 
50 . Kumar B. and Singh, R.B. (2003). Urban Development and Anthropogenic Climate 
change, Experience in Indian Metropolitan Cities, Manak Publication Pvt. Ltd., Delhi. 
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the city size, population density, industrialization, vehicularization and local 
topographic and climatic conditions. The study has suggested that there is an 
urgent need for a careful and precise monitoring of the urban area to 
determine the natures extent and magnitude of heat islands. 
Meaning and Concept of Urban Heat Island : 
It is a widely acknowledged fact that the cities are generally warmer 
than their surrounding. Here it is important to identify the various reasons 
which render the cities significantly warmer than the country side. Some of the 
reasons could be related to the differential heating and cooling processes of the 
cities and their surrounding. Because of the relative warmth, a city may be 
referred to as an "Urban Heat Island". There may be the following causes of 
urban heat island. 
1. Urban heat island is the function of high density builtup areas. 
2. The cities v/hich are the three dimensional surfaces of concrete, steel glass 
stone and asbestos have differential heating and cooling properties than 
the surrounding countryside. 
3. The vertical growth of buildings prevents radiative cooling by nights. 
Hence, the night temperatures are 4-7°C higher than the rural 
surroundings. 
4. During the day in rural areas, the solar energy absorbed near the ground 
evaporates water from the vegetation and soil. Thus, while there is a net 
solar energy gain, this is compensated to a considerable extent by 
evaporative cooling. In cities, where there is less vegetation, the buildings, 
streets and side walks absorb the majority of solar energy input. 
5. Because the city has less water, runoff is greater because the pavements 
are largely nonporous (except by the pot holes). Thus evaporative 
cooling is less which contributes to the higher air temperatures. 
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6. Exhaust heat from city buildings, automobiles and trains is another 
factor contributing to the warmer cities. Heat generated by these 
objects eventually makes its way into the atmosphere. This heat 
contribution can be as much as one-third of that received from solar 
energy. 
7. The thermal properties of buildings add heat to the air by conduction. 
Tar, asphalt, brick and concrete are better conductors of heat than the 
vegetation of the rural area. 
8. The canyon structure of the tall building enhances the warming. During 
the day, solar energy is trapped by multiple reflections of the buildings 
while the infrared heat losses are reduced by adsorption. 
The urban heat island is evident from a statistical study of surface 
air temperatures by Woolum (1964).^' 
It is also apparent on cloud free satellite images, as the 11 micron 
image produced with the Avanced Very High Resolution Radiometer 
(AVHRR) shows. The image has a spatial resolution of approximately 1 km. 
At this wavelength, the AVHRR measures the amount of radiant energy 
emitted by the surface and the tops of clouds, which is proportional to the 
temperature of the emitting body. The warmer the body the greater the 
amount of radiant energy it emits. White portions of the image represent 
cold objects (e.g. cloud tops) and dark regions are warm areas.^^ 
It is the change of the heat budget by the urban surface which tends 
to produce a distinctive micro urban climate. The higher temperature 
differentials are more developed at night under stable conditions. Under 
such conditions an urban thermal dome is formed in which the normal lapse 
rate occurs because of the warmth of the city. This effect is in contrast to 
51. Woolum, C.A, (1964): Notes from a study of the microclimatology of the Washington 
D.C. area for the winter and spring season. Weathenvise 17, No. 6. 
52. Myer W.B. (1991) ; Urban heat island and urban health: Early American Perspective, 
Professional Geographers, 43, No. 1, pp. 38-48. 
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rural areas, where during the night, a low level inversion often forms. If a 
slight regional wind is blowing, the warmer air of the city is swept 
downwind as an urban plume, modifying the rural lapse rate conditions. 
Generally, when the heat island is best developed, temperature differences 
between city and country may exceed 5.5°C.^ ^ 
During the day rural and urban areas experience an incoming 
radiation surplus. Smoky industrial and urban atmospheres may reduce the 
size of the surplus slightly, but as the quality of urban air improves because 
of pollution controls, the differences in inputs have become slight. As trees 
and crops allow a certain amount of radiation to pass through them to the 
ground surface, they transpire moisture and have a low heat capacity. In the 
city the building materials of concrete, glass, bricks, stones and tar all have 
high heat capacities enabling them to store large amounts of heat, shadowing 
can be important but there are still numerous surfaces exposing large dry 
areas to the sun's rays. When the angle between rays of the sun and the 
receptive surfaces approaches 90° the heat input will reach its maximum. 
This effect is likely to occur much more frequently in an urban area, with its 
vertical walls, than in the rural areas.^ '* 
Relationship between Urban Heat Island and Global Warming : 
According to Dale Quattrochi and Jeffrey Luvall of NASA's 
Marshall space flight centre, and who lead the Atlanta Land use Analysis. 
Temperature and Air Quality (Atlanta) Project; all large urban areas warmed 
by their own urban heat islands as a result of the removal of trees and the 
paving of land. Dark heat absorbing materials for roofs and roads create the 
problem. During the day, dark materials absorb heat and hold it long after 
the sun sets, keeping cities hot hours longer than outlying rural areas. The 
added heat intensifies air quality problem. Smog levels are intensified by the 
53. Oliver, E.J. and Hidore, J.J. (2002). Climatology : An Atmospheric Science, Pearson 
Education Inc., pp. 335-336. 
54. Ibid., p. 141. 
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urban heat island because with a temperature rise as high as 10°, the 
chemical reaction that creates ozone the molecule responsible for smog 
doubles according to Luvall.^ ^ 
Ground level ozone presents a serious air quality problem and 
health hazard. It is formed by a chemical reaction between volatile organic 
compounds (VOCs) and oxides of nitrogen in the presence of sunlight.^ ^ 
Urban heat islands increase the demand for energy needed to cool homes 
and buildings. As the temperature in an urban area rises, more cooling 
energy is needed to maintain comfort levels in building structures. This 
results in greater emissions of greenhouse gases such as sulphur dioxide 
(SO2) and nitrogen oxides (NOx), which are produced when fossil fuels are 
burned to generate electricity. Transportation and industrial sources emit 
both volatile organic compounds (VOC) and oxides of nitrogen (NOx). 
VOCs are emitted from sources as diverse as automobiles, chemical 
en 
manufacturing, dry cleaners, paint shops and other sources using solvents. 
As a result of the above activities which are the sources of the 
greenhouse gases which aid in trapping the infrared radiation released from 
the earth, act as a ceiling to this outgoing heat, and thus play a major role in 
global warming. A reduction in their emission and hence lowering the urban 
air temperature by a few degrees can save consumers millions of dollars on 
their utility bills each year. As the growth in the consumption of commercial 
energy is correlated with economic development which is usually centered 
in some urban area. Hence, attempts should be made to decouple economic 
growth and energy consumption through the use of appropriate technology 
and planned development to reduce energy consumption and emission of 
greenhouse gases.^ ^ 
55 . wAvw.nasa.gov/newsinfo/urban.html, August 9tli, 1999. 
56. www.epa.gov/var/oaqps/gooduphigh. 
57. Quattrochi, Luvall and Russel et al. (2000). The urban Heat Island Phenomenon and 
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58. Pachauri R.K. and Batra, R.K., op.cit, p. 65. 
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Urban Heat Islands as Nuclei of Global Warming 
Urban heat islands themselves are not responsible for global 
warming because they are small-scale phenomena and cover only a tiny 
fraction of the Earth's surface area. However, there are some urban to global 
scale connections that are worth noting : 
• Approximately half of the world's population currently lives in cities, 
and this value is expected to increase to 61% by 2030.^^ The high rate 
of urbanization, particularly in the tropics, means that increasing 
numbers of people will be exposed to impacts resulting from heat 
islands in the future. 
• Urban areas have historically been the site of some of the earliest 
established observation stations that are used to help construct the 
global surface temperature record used to document large scale climate 
changes. The effects of urbanization, and consequently urban heat 
islands, on these stations over time can lead to some "contamination" 
of the temperature record. The ability to fully remove these influences 
remains the subject of some debate since changes can occur 
independently of population^° and current techniques used to remove 
urban effects may be inadequate.^' 
• Most greenhouse gas emissions that contribute to global climate change 
come from urban areas. These emissions therefore contribute to both 
local and global scale weather and climate modification. Further 
59. United Nations Population Fund, (1999). The State of World Population, New York : 
UNFPA. 
60. Bohm, R. (1998). Urban bias in temperature time series: A case study for the city of 
Vienna, Austria, Climatic Change 38: 113-128. 
61. Changnon, S.A.(1999). A rare long record of deep soil temperatures defines temporal 
temperature changes and an urban heat island. Climatic Change pp 531-538. 
62. Crutzen, P.J. 2004. New Directions : The growing urban heat and pollution island effect 
- impact on chemistry and climate. Atmospheric Environment pp: 3539-3540. 
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urbanization will increase emissions originating from cities. 
Investigation of the larger scale impacts of urban emissions is seen as 
an important area of future research. 
• The climate modifications that have occurred in large cities over the 
past century show similarities in terms of the rates arid magnitude 
expected v/ith projected future climate changes. Therefore cities may 
serve as a model for assessing the impacts of, and adaptation strategies 
to, climate change on both local and global scales.^'' 
These factors underscore the importance of urban climates not only 
to the local environment but also to the state of the environment for the 
planet as a whole. Hence, it can be inferred that the heat which is trapped by 
the urban surface, and released during the night, which goes on during late 
hours of night, makes life uncomfortable, are actually small nuclei of Global 
Warming scattered on the canvass of the earths, landmasses as the centers of 
industrial and commercial activity. As it is this economic, agricultural, 
processing, transportation and other activities which ultimately produce the 
greenhouse gases which go a long way in enhanced warming up of the 
atmosphere of the planet. 
Implications of Heat Islands on Urban Systems 
The range of impacts for cities can be briefly divided into impact on 
the inputs that are (like liquids and solids). 
I. The input scenario : 
Global Warming will have major impacts on hydrological cycle, 
irrigation systems, wateruse efficiency, agricultural productivity and hence 
on food security Local and regional impacts are still difficult to predict but 
63. Ibid. 
64. Oke, T.R. 1997. Urban climates and global change. In Perry A and Thompson R (eds) 
Applied Climatology: Principles and Practices, pp. 273-287, London : Routledge. 
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the global harvest is likely to be seriously reduced if the cereal producing 
continental heartlands suffer a decline in rainfall and this is one of the most 
consistent regional predictions of the climate change models. The global 
warming would be a harbinger of the enhanced growing season in the 
permafrost and the north Temperate high latitude areas. It might help 
improve the productivity potentials of Siberia. In this context, global 
warming is a challenging scenario to the tropical world more than any other 
part. The same disruption in the rainfall patterns could reduce water 
availability for cities also. Some coastal acquirers would suffer from saline 
intrusion due to the rising sea level, which will compound the problems in 
those coastal areas where the aquifer is already overdrawn. A warmer world 
is expected to increase the frequency of storms, which in turn will increase 
the danger of floods. Some hydroelectric sources may be diminished by low-
flow problems in the river basins on which they depend. 
Energy is the key element, both as an input (for transportation, 
space heating and cooling, and industrial processing) and because the carbon 
dioxide by product of fossil fuel combustion must be curtailed in order to 
lessen the impact of global warming. Carbon-dioxide is currently 
contributing nearly half of the enhanced greenhouse effect. The use of fossil 
fuels always produces carbon dioxide, which is why the global warming 
strikes at the heart of our urban industrial technology, all of which is based 
on the availability of cheap fossil fuels. In retrospect, the 1970s energy 
crisis, which was caused by OPEC's unilateral increase in oil prices, may 
prove to be an experience for the full impact of the need to permanently 
reduce fossil fuel use. 
Our urban-industrial society is extremely vulnerable to sharp 
increase in the price of energy, especially in the transportation sector. In the 
technologically advanced countries the industrial sector has significantly 
reduced its energy use per unit of output, although much more could be 
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done. Households in the richer countries have tended to increase their 
energy consumption, both for air conditioning and for the proliferation of 
appliances, such as freezers, dishwashers and electronic goods. The broad 
picture shows that industry has already begun to respond to the new 
emergency, but households and the transportation sector as a whole have 
not. 
As populations increase and the urbanization trend continues, cities 
grow in size and function. They become less efficient transformers of 
materials. Our technology and our way of life both need a change in order to 
deal with these difficulties. In general this might imply a shift away from the 
traditional dynamic of a Western economy, which persists of creating a 
supply of goods to meet ever-expanding demand. What is beginning to be 
addressed now, especially in the supply of water and energy to cities, is the 
management of demand, where 'management' is a euphemism for reduction. 
This will not be achieved without significant changes in the modern urban 
lifestyle found in the richer countries. 
The gaseous wastes from cities have been creating problems since 
the onset of the industrial revolution, and even from the domestic burning of 
coal before that time. As all the fuel uses and all the wastes produced are 
interlinked it makes sense to develop an integrated policy for discharges to 
the air, rather than focusing on a single problem, even on one with such 
major implications as the enhanced greenhouse effect. 
The implications of global warming for urban systems can be 
categorized from human perspectives as : 
• the physical impacts on cities, 
• the health implications of inhabitants, and 
• the economic implications for humans 
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Apart from it the most far reaching is certainly sea level rise, which 
is projected by the IPCC to rise between 2 and 4 centimetres per decade 
under the business-as-usual scenario. This could be reflected on the damage 
that was caused in the Netherlands in 1953 in a once in a century storm and 
the accompanying floods, or the more recurrent floods in Bangladesh, to 
realize just how vulnerable coastal societies are to more frequent floods. 
Some countries have already commissioned studies on the need for 
improved coastal defences to combat rising sea levels (Delft Hydraulics 
1988; Environment Canada 1986; Environment Canada 1987). A more 
costly impact will be felt through the additional work that will have to be 
done to ensure the evacuation of rainwater and liquid wastes from coastal 
and estuarine cities. Dykes and Sea walls can be built to reduce the 
encroachment of the sea on the surface, this does not resolve the problem of 
sea-water intrusion under the waterline, by infiltration into the groundwater. 
Such infiltration could occur if the water table falls below sea-level, which 
could result from either the overpumping of the groundwater or a rise in sea 
level, and especially through a combination of the two. This reverses the 
direction of groundwater flow which normally runs from the land to the sea. 
New York and Southern California are two coastal regions of the United 
States that have already had to resort to recharging their acquifers, 
artificially, to compensate for overdrawing local ground water. 
Of necessity, the water needed for the recharge operation must be 
brought from distant sources. The increase in surface temperature will be in 
addition to the already measurable heat-island. This will increase the 
demand for cooling and hence the demand for energy and for CFCs or CFC 
substitutes. Increased evaporation will also increase the demand for water. 
Under the present technology, living in warmer cides, possibly with water 
shortages, has mostly negative implications for human health, both directly 
through heat stress and indirectly through the respiratory implications of 
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poor air quality. Disruptions to the drainage and sewage systems will further 
exacerbate the risks to health. In the richer countries of the North the 
increased costs of dealing with these problems might be manageable, at least 
in the first few decades of what has been called the coming 'greenhouse 
century' (Schneider 1990).^ ^ The impacts in the poorer countries of the 
south will be much more severe as conditions for the majority of the people 
are already marginal. Air quality is already having severe health impacts and 
water shortages have became a norm. The escalation of these problems, and 
their growing impact on prospects of economic development are signaled by 
the devotion of the World Bank's World Development Report to 
environmental issues in 1992 and to health issues in 1993 (World Bank 
1992; World Bank 1993).^^ 
Some of the economic implications have already surfaced. There 
will be substantial public sector costs for infrastructure maintenance and 
extension. Poorer health means more work days lost and lower productivity 
from those who are at work. The World Bank is already beginning to 
measure the 'global burden of disease' attributable to premature deaths and 
to disability (World Bank 1993: 26).^'' In addition to these measurable 
impacts there are intangible costs due to the negative impact on private 
investment which may stem from the uncertainty that is ushered in by 
environmental change. It is likely that the price of fuel, water and 
agricultural products will rise to reflect both scarcity and uncertainty. All of 
these above discouraging statements are based on an extrapolation from the 
present trends which conform to the business-as-usual scenario, whereby 
greenhouse gas emissions are expected to grow proportionately with the 
global population and the global economy. 
65. Rodney R. White(1994), Urban Environmental Management, Environmental Change 




With regard to the probable implications of environmental change 
for urban systems, it can be said that cities are both the victims and a 
perpetrator of the processes at work. This and other aspects of the problem, 
mean that urban managers and planners must take a holistic view of the 
situation. There is little to be gained by piecemeal technological fixes. The 
global nature of atmospheric change means that international cooperation on 
the problem is essential. Individual national efforts to curb global warming 
and other major environmental changes will have only symbolic value. 
Although, holistic urban management and international cooperation will not 
smoothly slip into place to stern humanity onto a safer course. Serious 
environmental problems have been well known for decades before action is 
taken. Among the obstacles to action is the lack of congruence between 
ecosystem boundaries such as coastlines and watersheds and administrative 
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CITY INFRASTRUCTURAL GROWTH AND URBAN HEAT 
ISLAND 
As the Indian economic planning could not succeed in the 
decentralization policies, consequently the problem of regional imbalances 
did not mitigate in an appreciable manner. This had its impact on the 
infrastructure of the city and the urban growth. The tendency of 
centralization and the weakening of centrifugal planning, in the wake of 
liberalization and globalization, led not only to a rapid urban growth in the 
cities like Delhi, Mumbai, Kolkata and Chennai but also caused a high built-
up density. The mushrooming infrastructure, burgeoning population and the 
landuse intensity tend to enhance the degree of Urban Heat Island. 
Urban development is one of the most powerful of the forces which 
are shaping the landuse of the contemporary world. More than 100 years ago 
Adna Terrin Weber documented the characteristics of global urban 
development in his seminal work on the Growth of Cities in the nineteenth 
century (Weber, 1899).' At that time about 2 per cent of the population lived 
in urban places, especially in the north-west Europe and the eastern seaboard 
of the United States of America. Today, there is significant urban 
development across the world and the level of urbanization is projected to 
become well over 50 per cent by the year 2006. 
The geography of the contemporary urban world is characterized by 
pronounced variations in the number and proportion of people who live in 
urban places. The map of aggregate urban population is dominated by China 
and India. It is estimated that 35 per cent of China's 1.3 billion people and 
29 per cent of India's 1 billion live in towns and cities. Such a rapidly 
Clark, D. (2000), World Urban Development: Processes and Patterns at the End of the 
Twentieth Century, Geography, Vol. 85(1), January, p. 15. 
growing trend in the present day urban world is likely to accompany an 
increasing heat island effect. On the other hand, the Himalayan Kingdom of 
Bhutan is reckoned to be the world's most rural sovereign state with only 8 
per cent of its population living in urban centres. The urban world is 
generally acknowledged as changing in three different yet interrelated ways: 
through urban growth, urbanization and the spread of urbanism. 
* Urban growth occurs when the population of towns and cities increases. 
* Urbanisation refers to the increase in the proportion of the population 
that lives in towns and cities alongwith the growing number of urban 
centres.^ 
* Urbanism is the state which is most commonly used to describe the 
social and behavioural characteristics of urban living which are being 
extended across society as a whole as people adopt urban values, 
expectations and lifestyles."* 
Urban Growth and Urbanisation 
By far the most important characteristic of contemporary urban 
change in the developing countries like India is the sheer scale of urban 
population growth. As each year the world's urban population is rising by 
more than 85 million. Urban growth correlates strongly with overall 
population growth and the migrations caused by the expanding economies. 
So it is not surprising to find that the great gains are occurring in highly 
populated countries where large numbers are added to the national 
population each year. The urban population of China alone is rising by 23 
million per annum. Such rapid urban population growth in the developing 
countries coupled with infrastructural and areal growth as well as rising 
2 . Ibid., pp. 16-17. 
3 . Ibid., p. 17. 
4 . Ibid. 
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pollution levels due to low technology have a direct bearing on urban heat 
island. On the other hand, little or no urban growth is taking place in Europe 
where national population levels are virtually static. For example the annual 
rise in the urban population of the U.K. is a mere 1,58,000 persons.^ The 
average annual rate of urban growth is less than 0.5 per cent per annum in 
the developed world. Generally towns and small cities are gaining and 
metropolitan centers are loosing population.^ 
The proportion as well as the total number of people who live in 
towns and cities is also increasing rapidly at the global scale. Direct 
urbanization arises because multinational corporations tend to concentrate 
their investments in labour intensive manufacturing particularly in the 
developing countries, and the jobs which are created lead to urban 
expansion. Hence, urban heat island would emerge as a major problem more 
so in the long summer tropical countries of the developing world rather than 
in the long winter temperate countries of the developed world. National 
capitals and cities with major ports or international airports are most 
vulnerable as they afford wide access to cheap labour and to domestic 
markets. They are typically the major cities and in some cases the only 
centers in the country to have large scale industry, hospitals, universities, 
media services and facilities for sport and arts. As cosmopolitan centers, 
with good external connections, they are favoured by corporate managers 
and specialist workers on overseas postings. Examples, of cities where there 
is major employment, and rapid urban-growth, because of investment by 
trans-national corporations include Abidjan (Cote d'lvoire), Bangkok 
(Thailand) and Lagos (Nigeria), all of which have more than 60 per cent of 
their country's value-added in manufacturing (Kasarda and Parnell, 1993).^ 
5 . Ibid., p. 18. 
6 . Ibid. 
7. Loc.cit, p. 21. 
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Urbanization in the Developed World and Heat Island 
In the first half of the 20"^  century the response to city overcrowding 
in Britain was to encourage suburb growth. Cities now have extended 
outwards, upwards and even downwards in ways never before envisaged. 
Transport technology has made this possible and cities have sprawled out 
into the country side along the rail and commuter lines. The internal 
structure of activities within the city has also changed markedly over time, 
across a range of dimensions. Such a trend is especially evident in the low-
density sprawling metropolitan regions. These areas have been radically 
altered by a combination of the decentralization of population and 
businesses, large scale exclusionary land-use zoning within the city and the 
increasing amounts of space given over to the demands of the motor-car. 
Amidst all these changes, the population densities of cities have also 
changed, most notably in North America and Australia where low-density 
suburban sprawl has become almost a defining feature of their twentieth 
century development. This scenario of urban development tends to inhibit 
the heat island effects. Hence, urban heat island doesn't appear to be such a 
grave situation in the temperate developed world where urban growth and 
urbanization are much more regulated and organized. 
Urban population density is a rather vexed issue which has long 
confounded the attempts of city planners to use their understanding of it as a 
means of improving the urban environment. Urban population density is 
perceived as both an urban planning and an environmental issue because of 
the costs of urban infrastructure provisions, which vary with density of 
development and the perceived over crowding of some cities. This is said to 
be correlated with the increasing social stresses in particular. Arguing in 
favour of high density living, many contributors and policy makers within 
the sustainable urban development debate claim that the compact city 
solution helps reduce the tendencies to peripheral sprawl and also stimulates 
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urban dynamism and vibrancy (Commission of the European Communities 
1990, Elkin, Melaran and Hillman, 1991, Unwin and Seale, 1991).^ 
Urban densities generally exhibit a peak in the inner residential 
areas and decline towards the outer suburbs (Richardson, 1978).^ Overtime, 
the density gradient usually falls, as a certain drift from the center occurs. 
However, in recent years a recentralisation of urban population has emerged 
in many European, North American and Australian cities, as the residential 
preferences have changed. The return to inner suburbs of the wealthier 
classes has been facilitated by a number of trends, notably : as industry has 
left the city and the aesthetic appeal of many older houses and mixed use 
neighbourhoods has been rediscovered. As household structures have 
changed in favour of dual income units, smaller families and later child 
rearing; and the over burdened transport infrastructures have increased the 
difficulty of long distance commuting the people's preferences are changing. 
In developing country cities, density gradients tend to be steeper, especially 
where poor transport links reduce the attractiveness of the outer areas, a 
factor which also contributes to the continuing preference of higher income 
groups for central living. 
Urban Sprawl in the Developing World and the Heat Island 
Historically most of the first ancient towns (e.g. 6"^  to 4'^ centuries 
B.C. towns in Asia) were founded in areas which are now under third world 
countries. It is surprisingly that today most of these areas are the least 
urbanized parts of the world. Smailes (1966)'° pointed out that such urban 
groups of Asia were facilitated by geographical conditions which made them 
possible. Besides the low level of science and technology which always 
8 . Haughton G. and Hunter C. (1994). Regional Policy and Development Series-7, Jessica 
Kingslay Publishers, p. 85. 
9 . Ibid. 
10 . Mandal B.R. (1999), Urban Geography : A Text Book, Concept Publishing Company, 
New Delhi, p. 274. 
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leads to industrial development and larger commercial activities limited the 
scope of their urban development and hence were outpaced by western 
Europe and other developed countries until Western external influence 
became abound. Despite the existence of some pre-colonial cities in Third 
World Countries, most contemporary cities reflect their origin as part of a 
colonial economic and administrative structure. The colonial period 
invigorated the centripetal tendencies of urban growth which were 
particularly pronounced in India. The impact of colonial rule is apparent in 
the urban system of West and East Africa as well as in the internal spatial 
structure of an individual city. In almost all the third world cities owing to 
the lack of coherence in the rural-urban system, growth generated in one 
part of the system may not be effectively transmitted to other parts of the 
system. It seems that the generative effects of urban growth, the "spread 
effects", of economic development may not have as widespread impacts as 
might be hoped. The cities of the Third World are growing rapidly than the 
growth of urban population in their comparative period of European growth. 
As a result of it there are many more number of megacities in the tropical 
developing world than in the temperate developed world. Such a trend 
signals that urban heat-island is most likely to be a problem of developing 
countries. 
The dramatic growth rate would seem to suggest that the countries 
of Third World are passing through an "urban revolution" not similar to that 
which characterized the countries of the developed world, that eventually 
they will become urban nations with perhaps 70 to 80 percent of their 
population living in urban areas. However, this doesn't seem imminent by 
the mid 21^' century. Eventually these countries may form part of what 
Toynbee has called the "World City"." However, there is uneven urban 
development in this vast area. These variations can be seen through 
Ibid., p. 276. 
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continental geographical conditions and the regional variations even upto 
the individual country level. As for example, in Africa about 20 per cent of 
total population is living in urban places, and in south-east Asia the 
percentage of urban population accounts for 22 percent, while in Latin 
American countries about 30 percent of total population lives in cities of 
100,000 and above. Although in some countries the high percentages of 
urban population reside in few big cities, but the overall result shows that of 
this growth of Third World countries, Latin America is the most urbanized 
followed by Asia and Africa which are the least urbanized continents. 
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India already has as many as six megacities and their number might 
increase to eight megacities by the census 2011. The problem of urban heat 
island in India would be more pronounced in the near future than anywhere 
in the world. India in 1991 had 23 million plus cities which increased in 
number to 35 by the Census 2001 (Table 2.1). By 2011 India would have a 
total number of million plus cities well past 50 in number. Under this 
scenario one can hardly over-emphasize the problem of uneasy life in the 
12. Ibid. 
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Indian cities and the pressures of energy demand on the economy. Such a 
prediction appears unexaggerated in view of the fact that urban planning in 
India is not commensurate with the urban growth and sprawl. In India 
urbanization has come to occupy an important place in economic 
development of different regions. Urban development is a direct and 
immediate concern to 29 percent of population who live in towns and 
cities.''' 
The level of urbanization in India has gone up from 23.34 per cent 
in 1981 to 25.72 per cent in 1991 and 29 per cent in 2001. This recorded an 
increase of 2.38 per cent over the whole decade. This has recorded an annual 
increase of 0.24 per cent at the national level. Whereas during the decade 
1971-81 the average annual rate of increase in the level of urbanization was 
about 0.34 per cent which was higher than recorded in 1981-91 decade. The 
pace of increase is demographically known as "tempo of urbanization", 
which has considerably slowed down over the last ten years as the economic 
growth takes off the urbanization being at a low level.' When compared to 
the rest of the v/orld, the level of urbanization in India is rather low. The 
world as a whole had a level of 52 per cent by 2005. The highest level being 
84-85 per cent in Australia and New Zealand followed by 77 per cent in 
Japan, between 72 to 75 per cent in North America and Europe. Nearly 66 
per cent in Central and Latin America and former USSR and 34 per cent in 
Africa and Asia and even Pakistan had an urbanization level at 32 per cent.'^ 
India has had urban tradition which began several centuries ago 
dating back to the periods before Christ. Post independence decades 
witnessed rapid growth of cities of larger size. The city limit expanded by 
absorbing the suburban villages. The multistoreyed blocks, planned 
colonies, industrial estates and satellite towns have been developed. The 
13. Ibid., p. 296. 
14. Ibid., p. 305. 
15. Ibid. 
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cities are also developed with increasing slums near the center of the city. 
The Central Business District of the city is also highly commercialized. 
Thus, the Indian city is not only an amalgamation of varying structures of 
different periods, but also a mixture of landuses.'^ 
The old core of cities in India consists of narrow lanes. Most of the 
buildings are old having a peculiar style of architecture with colourfully 
painted thick walls, majestic pillars, balconies, carved wooden banisters and 
open courtyards with verandahs. Roofs have generally tiles. Some of these 
buildings have been demolished and new multistoreyed buildings have come 
up. In the old core of the city, there was segregation on the basis of castes 
and communities. Another feature of the old core of Indian cities is the lack 
of specialization of functions as seen in cities of Europe or the USA. The 
same building is mostly used as shop, work place and residence. In recent 
years, the old, dilapidated residential units have been converted into hotels 
or lodges to provide accommodation to the businessmen. The core area also 
contains whole sale market for vegetables, food grains, etc. which has heavy 
traffic congestion. Owing to the problems in CBD, large scale residential 
mobility takes place from the CBD during these days. Cantonments are the 
new residential colonies which are well planned with rectangular pattern of 
streets. The construction of railway line marks yet another stage in urban 
development. The road leading to the city from the Railway station acquired 
importance and shops and hotels were started along this road. Clusters of 
settlements have formed around suburban railway station. The vacant space 
between these enclaves and city are filled up gradually by residential or 
industrial suburbs.'^ 
16 . Nag, P. & Serigupta, S. (1992). Geography of India, Concept Publishing Company, 
New Delhi, p. 179. 
17 . Tirtha Ranjit (1996), Geography of India, Rawat Publications, New Delhi, p. 117. 
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Most recent developments are related to the rapid growth of 
suburban road transport. New link roads or by-pass roads have been 
constructed which encourage the growth of suburbs. In the case of 
megacities like Delhi, Mumbai, Kolkata and Chennai with good transport 
facilities, suburban growth by different measure has taken place upto 50 kms 
from the core of the city. In the case of some large cities, the government 
has encouraged the growth of satellite-towns along the periphery by 
providing water supply, transport and other facilities. The outward growth of 
the city has suffered a set back after 1973. This has debatingly been 
assigned to a steep hike in oil prices. It can be noted that the hike in prices 
of many consumer as well as producer goods has been several times higher 
than the hike in oil prices. On the contrary, the increase in oil prices has 
been made a scapegoat on a pretext to conceal the uncontrolled profiteering 
and exploitative market tendencies. Transport cost from the suburb to the 
city increased. Therefore, the vertical development of residential units and 
commercial complexes are rapidly coming up than the horizontal 
development. Government and private housing agencies encouraged the 
multi-storeyed apartments. However, the main features of urban morphology 
or structure of Indian cities are : 
a) absence of well-defined functional zones 
b) old core has mixed functions with usually square or rectangular street 
pattern. 
c) Commercial landuses extend along radial roads. 
d) Location of industries near railways or arterial roads. 
e) Residential segregation by economic status 
f) Presence of residential segregation by racial, ethnic and religious 
status.'^ 
18 . Singh, R. V. (1994), Geography of Settlements, Rawat Publications, Jaipur, pp. 208-21 
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Indian Risks and system Lethargy : 
Indian cities, like many of their post colonial counterparts, are beset 
by immense environmental problems at present. As the growth of 
urbanization continues, these problems are escalating. While environmental 
problems such as air pollution and toxic wastes are occasionally addressed 
by governments when given publicity, the most profound of these 
environmental problems, the insanitary living and working conditions of 
large sections of the urban population are ignored. It is only when the threat 
of epidemic occurs that government authorities intervene in an attempt to 
control the public health risk. Such was the case during the 1994 plague 
outbreak in western India which caused thousands of people to flee Surat to 
escape infection. It was the dramatization of events by Indian and foreign 
media which forced the various levels of government to intervene.' 
The environmental conditions in Indian cities are in many ways 
comparable to those of 19'^  century cities in Great Britain and Europe. 
Industrial cities like Liverpool and Manchester were described by Friedrich 
Engels as having "streets that are generally unpaved, rough, dirty, filled with 
vegetable and animal refuse, without sewers or gutters but supported with 
foul, stagnant pools instead. Such descriptions are just as appropriate to the 
slums of Calcutta, Delhi, Mumbai or Chennai to some extent. In India, 
pattern of urbanization has emerged similar to that of Europe in the 19"^  
century.^' 
19. Bruns, John E (1994). "Thousands flee Indian city in deadly plague outbreak", New 
York Times G J^ation edition) 24th September in Susan E. Chaplin (1999) (ed.) Cities, 
Sewers and Poverty : India's Politics of Sanitation, Environment and Urbanization, 
Vol. II, No. 1. 
20. Engels, F. (1987), The condition of the working class in England, Penguin Books, 
London, p. 71. 
21. Susan E. Chaplin (1999). Cities, Sewers and Poverty : India's Politics of Sanitation, 
Environment and Urbanization, Vol. 11, No. 1. pp. 145-164. 
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Rapidly growing cities can find disjunctures in their geographical 
scenario. In other words, the geography of landuses that was appropriate for 
a city of one million people is likely to be inappropriate when the city 
reaches a population of four, seven or ten million. Growth generates 
inefficiencies when by its nature, it is incremental around the edges of the 
city. New areas may not link well with existing areas. At the same time, 
transformations are required in the 'old', land area of the previously smaller 
city. And this may be difficult if there are rigidities in the land market and 
extensive bureaucratic controls. Structural change in the city economy may 
well further underline inappropriateness and consequent inefficiency. 
Difficuh terrain (the island of Mumbai) may compound the problem.^^ 
Rising real incomes and a switch in emphasis in the urban economy 
from manufacturing to service sector activities place a new emphasis on the 
central business district. There is little sign that modern communications 
technologies have done more than support limited decentralization of some 
back-office functions from CBDs in large cities. And yet a high rise high 
density financial, commercial and governmental core to a city is extremely 
expensive in supportive infrastructures as the city grows. Incremental 
private sector investment will seek rising rental levels in CBD offices, but 
few cities have a property tax system that can yield the required rising 
revenues to pay for the needed transportation links. The consequence is 
either a disjuncture between transport demand and transport supply, or a 
gross excess of office floorspace supply relative to demand swinging in a 
cycle to severe shortage. Present structural adjustment pressures add to the 
uncertainities of both the private sector investors and the decision makers in 
the public sector.^'' 
22 . Haris R and Fabricius, A.D.I. (1996), Cities and Structural Adjustment, UCL Press 
Ltd., p. 25. 
23 . Ibid 
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In richer countries much of the focus of urban-policy since the 
1960s has been on the doughnut ring around the central core, termed the 
'inner city'.^ "* This has often been a zone of transition, characterized by older 
high density housing and small industrial and commercial premises. It 
provides houses and employment for recent immigrants and the less affluent 
in the city. Much attention has been paid to the physical upgrading of such 
areas and the relative improvement of the socio-economic circumstances of 
the residents. In cities in the poor countries such a 'collar zone' is typically 
less easily delineated, but the function of such areas, for migrants, for poor, 
for petty trading and for the striving to be upwardly mol?irej i^ jpire^ e^nt in the 
slum areas.^^ 
Land inequality is a key issue in many countries, with small 
numbers of people owning the bulk of the farmland. Unequal land 
ownership and the industrialization of farming have caustdiaiUiensto leave 
the land. Things are made worse by environmental deterioration. 
Deforestation and droughts are causing farming people to become 
environmental refugees. Droughts and famines, for instance, have driven 
hundreds of thousands of people into squatter camps. 
The Overcrowding Problem 
Overcrowding is a feature of most of the major world cities in the 
developing world. Lagos tops the list of all other cities with an occupancy 
rate of 5.8 people per room. By this comparison Indian cities average about 
3 people per room, while North American cities have 0.5 and 1 person per 
room. 
The problem is often extreme in inner parts of the cities, largely 
because it is vital for the urban poor to be as near as possible to any source 
24 . Ibid., p. 25. 
25 . Ibid., p. 26. 
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of work. So migrants gravitate toward city centers and put pressure on any 
available accommodation there. Tenement blocks and individual dwellings 
are divided up again and again. In extreme situations, as in Kolkata the 'hot-
bed' system provides beds for people on a rotation basis, day and night. 
Migrants who cannot even afford to rent a bed or the corner of a room end 
up living on the street or in a squatter camp. 
In the developing-world cities today, the illegal occupation of land 
in squatter or informal settlements is often the only way for people to get a 
roof over their heads. Every country has its own terms for squatter 
settlements and they are perceived in ambiguous ways. In Argentina they are 
known as 'villa miserias' translated as townships of misery, in Peru the term 
'pueblos jovenos' means young community, and in Indonesia "Kampung" 
simply means village. 
In spite of structural and functional similarities no two cities are the 
same in the occupational gravities. All have their own distinct histories, 
layout, topography and culture. Therefore, all require different approaches 
to improve their environmental performances. As urban populations grow 
worldwide it is vital to organize cities with resource efficiency uppermost in 
our minds. The functioning of cities depends greatly on the technological 
systems in use. Trams are making a comeback in many cities where traffic 
gridlock and air pollution have forced authorities to reassess and revise their 
transport policies. Energy efficient buildings are revolutionizing urban 
design. Solar and wind power need to become mainstream technologies as 
air pollution and the fear of nuclear disasters are forcing to rethink. 
Sustainable urban living will determine the future of our cities. 
26 . Girardet, H. (1992), The GAIA Atlas of cities : New Directions for Sustainable Urban 
Living, Gaia Book Ltd., p. 72. 
27. Ibid. 
28. Harris Nigel and Fabricius (1996). ADI Cities and Structural Adjustment, UCL Press 
Ltd., pp. 25-26. 
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Urban Heat Islands and Climate Change Detection 
The impending climate change issue resulting from anthropogenic 
emission of greenhouse gases has raised much clamour the world over. 
Cities are the centres of greenhouse gas emissions. Many atmospheric 
scientists believe that this change has already begun to take place. To 
support this notion, they point to an overall warming of 0.3 to 0.6°C (0.5 to 
1°F) occurring since the late nineteenth century. The weather stations at 
large urban centres have recorded temperature changes at face value, 
because much of the data has come from urban weather stations, and most 
cities having the long-running weather stations have undergone considerable 
growth over the last century. Thus, one has to content with the problem of 
enhanced urban heat islands in the large urban areas. Atmospheric scientists 
are well aware of the source of bias in temperature records and routinely 
account for its effect, either by discarding contaminated data or by adjusting 
values downward for affected stations.^ ^ The majority of world population is 
already urban and its growth processes are rapid. There are more than 300 
cities in the world with a million plus status. The largest number of them are 
in Asia. They have a formidable heat island character. Today, the concept of 
heat island is confined to comprehend the urban micro climate. As the urban 
heat island intensity of these cities would coalesce, it will have a definite 
impact on atleast regional climate change. 
The central problem of modern civilization is in its dominance by la 
technique. Although it gives us unprecedented benefits and almost magical 
freedoms but in return we have to submit to its rules and strictures. Modern 
man knows very little about the totality of these techniques on which he so 
completely depends, he just follows its dictates in everyday life. The more 
29. Aquado Edward and Burt E. James (1999). Understanding Weather and Climate, 
Prentice Hall, p. 356. 
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sophisticated the technique the harder the understanding of the underlying 
wholes and the more limited the true individual freedom. 
For centuries it has been known that urbanized areas often have 
higher temperatures than do adjacent countrysides. These differences can be 
quite dramatic, with temperatures in major metropolitan areas sometimes 
exceeding those of their hinterlands by as much as H'^ C (22°F). Although 
the exact nature of the urban heat island varies from one city to another, in 
general the rural-urban temperature differences have been noted as greatest 
during the late evening and night and during the winter months. 
Urban heat islands occur because of modifications to the energy 
balance that result when natural surfaces are paved and built upon, and when 
human activities release heat into the local environment. Though it is not 
possible to generalize the relative importance of these processes for every 
city, all of them probably play some role in causing the phenomenon to 
occur. Several variables influence the magnitude of the heat island effect. 
Some are related to the local setting, others to the activities undertaken 
within it. But the most important are the size of the city itself and the 
density of its population, with large, densely populated cities having the 
largest heat island effect. The intensity of an urban heat island varies 
spatially within a city, with highest temperatures normally found within the 
high density city core. This indicates an intra-urban heat island variation. 
Wind speeds also play an important role. During windy conditions, cooler 
air from the surrounding countryside displaces the warmer urban air and 
thus reduces the magnitude of the urban heat island.^^ 
30. Vaclav Smil (1993), Global Ecology, Environmental Change and Social Flexibility, 
Routledge, London. 
31 . Aquads E. and Bunt, E. James (1999), Understanding Weather and Climate, Prentice 




Urban particulates can also affect the intensity of the urban heat 
island through their effect on radiation balance. Increased particulates 
associated with urban activities can absorb and scatter incoming solar 
radiation, and also increase the amount of absorption and radiation of long 
wave energy in the atmosphere. Although it is hard to generalize for all 
cities, it is believed that the particulates tend to decrease the amount of 
incoming solar radiation at the urban surface, but the increase is not long 
wave radiation which probably offsets the reduction in absorbed solar 
energy. Thus the direct effect of particulates on urban temperatures is 
probably negligible. 
Particulates also affect the radiation balance indirectly. The water 
droplets in the atmosphere form onto condensation nuclei. The increase in 
particulates due to human activity can increase cloud cover, as in the case of 
London, which has been shown to receive 270 fewer hours of bright sunlight 
annually than the surrounding area. Particulates have long been known also 
to increase precipitation of urban regions. Studies, have also shown that 
precipitation can also decrease downwind of major industrial centers, 
perhaps because cloud, vapours are spread over many condensation nuclei, 
which lessens the chance of growth to precipitation size. Apart from 
increasing particulate concentration, the existence of cities alters radiation 
balance by changing the surface geometry. When the sun is low in the sky at 
sunrise and sunset, and during much of the day at high latitudes in the winter 
- direct sunlight that would otherwise reach the horizontal surface hits the 
vertical walls of buildings. This causes the angle of incidence to become 
closer to perpendicular and increases surface heating, which leads to a 
higher temperature.^'* 
33 . Ibid. 
34. Ibid., p. 355. 
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The presence of buildings also affects the rate of heating by 
changing the surface albedo. Darker painted buildings, of course, absorb 
more sunlight than lighter ones, and in general, urban surfaces (asphalt 
streets, roofing materials) have lower albedos than the natural surfaces they 
replace. The presence of buildings also affects the amount of absorption by 
causing multiple reflections to occur. As sunlight penetrates the urban 
landscape and hits the side of buildings, some of the energy is absorbed and 
some is scattered back as diffuse radiation. Some of the scattered radiation 
strikes an adjacent building, where once again a portion is absorbed. This 
process goes on repeatedly, with each successive reflection at least partially 
absorbed upon contact with another wall. This increases the total absorption 
so that the albedo of the urban area is actually lower than the albedo of the 
individual surfaces. 
The presence of tall buildings also affects the transfer of long wave 
radiation in a way that favours higher night time temperatures. Essentially, 
the process is very similar to the multiple reflections of solar radiation just 
discussed above. Long wave radiation emitted from an open, rural surface 
travels upward without being impeded by buildings. Urban areas, in contrast 
reduce the amount of long wave radiation that freely escapes to space 
because walls absorb a portion of the outgoing radiation. The resultant 
reduction in long wave radiation loss slows the rate of nocturnal cooling and 
promotes higher daily minimum temperatures. 
Changes in Heat Storage 
In the middle of a sunny day, absorption of solar radiation warms 
the surface of the ground. Conduction within a very thin layer of the 
atmosphere and convection transfer much of this energy to the air. At the 
35 . Ibid. 
36. Ibid. 
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same time, a gradient develops in which soil temperature decreases with 
depth, and heat is conducted downward. During the late afternoon, the 
surface begins to cool when energy losses by radiation and convection 
exceed the absorption of shortwave and longwave radiation. The soil 
temperature profile eventually reverses, with temperature increasing with 
depth. Thus, during the evening hours, heat that has been stored within the 
soil is transferred to the surface. 
The same process just described occur in the walls and roof of urban 
buildings. As the surface is warmed during the day, a temperature gradient 
develops that conducts heat toward the building interior. When cooling 
occurs in late afternoon, the stored heat is released to the surface. The 
difference from the rural setting is that materials used in building 
construction have a much greater capacity to store heat than most natural 
surfaces. As a result, more stored heat is available for transfer to the lower 
atmosphere during the evening and nighttime than for natural surfaces and 
nocturnal temperatures are increased. The release of heat just described is 
supplemental by the anthropogenic heat produced for comfort (e.g. space 
heating) or as a byproduct of other activities (e.g. waste heat from a hot car 
engine). Anthropogenic heating is greatest during the winter, which partially 
explains why heat islands are most pronounced during the low sun season. 
Anthropogenic heating can be a surprisingly large component of the urban 
energy balance.•" 
Sensible and Latent Heat Transfer 
Most of the global surface has a surplus of net all wave radiation on 
an annual basis. That surplus is transferred to the atmosphere as sensible and 
latent heat. When moisture is available near the surface, the transfer of 
energy as latent heat can exceed sensible heat transfer, indicating that most 
37. Ibid. 
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of the surplus energy raises the surface temperature for above the air 
temperature, and sensible heat dominates. All other things being equal, the 
higher the ratio of sensible to latent heat, the greater the temperature. 
Urbanization affects the routing of precipitation in a way that 
favours increased sensible heat transfer. Unlike natural surfaces that allow 
rainfall or snow melt to permeate the soil and be retained below the ground, 
city streets and sidewalls are almost impervious to water. So when 
precipitation occurs, most of the water runs off the surface and ultimately 
flows out through the flood-control system. The reduction in available water 
increases the input of sensible heat to the atmosphere at the expense of latent 
•30 
heat and helps increase the temperature of the urban environment. 
38. Ibid., p. 356. 
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Chapter-Ill 
INDIAN MEGACITIES AND THEIR LANDUSE 
PATTERN 
* Population Growth and Landuse Expanse in Delhi 
* Population Growth and Landuse Expanse in Mumbai 
* Population Growth and Landuse Expanse in Kolkata 
* Population Growth and Landuse Expanse in Chennai 
Chapter - III 
INDIAN MEGACITIES AND THEIR LANDUSE PATTERN 
City landuse pattern is the outcome of the infrastructural facilities and 
the growth rates of population therein. The nature of landuse and layout is 
also an expression of the functional gravity of the city and the migration 
trends. In a city whose growth is largely an expression of the natural 
population growth rate, its landuse pattern is likely to be different. Such a 
city may bear signs of congestion with increasing population density in the 
old core. On the contrary in a city whose growth is largely an expression of 
external population growth through migration then its landuse pattern is 
likely to witness rapid horizontal expansion along the periphery punctuated 
with open spaces though not with proportionate facilities of parks and 
playgrounds. 
Large cities by virtue of the Law of Temporal Advantage witness an 
induced urban gravity as compared to the medium and small cities and 
towns. As an expression to it the Indian Megapolises such as Delhi, 
Mumbai, Kolkata and Chennai represented rapid growth in their aggregate 
population. These cities have a large proportion of population of their 
respective states. The population growth rates, builtup densities and the 
nature of landuse intensity of the Indian megacities have a great bearing 
upon the urban heat island scenario. 
Metropolises and particularly megacities amongst them are growing 
at a rapid pace all over the developing world. It is often seen that the giant 
cities of the developing countries are exploding in the present day scenario 
of globalization. This is because the megacities of the developing countries 
have infrastructure to invite multinationals. This growth is not only in terms 
of increase in number of people living within the statutory limits of such 
cities but also is found in the surrounding areas depending on the distances 
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and nature of linkages with the neighbouring urban and rural settlements. As 
a result, new regions of extended activities emerging around the core cities 
have been identified in several studies (Vining 1985, McGee 1989 and 1991, 
Robinson, 1991 and Chakraborty, 1991).' The underlying factors for such a 
phenomenon could be traced into their being the leading centers of industry, 
trade and commerce, education, health, political and other forms of social 
activities (Nagpaul, 1987). These cities are the beacon of socio-cultural 
change and they provide most of the revenue to their respective provincial 
and national governments. It is thus very essential to understand the 
dynamics of growth of mega cities which would inter-alia be useful to 
understand the process of urbanization and concomitant population 
redistribution in a country like India. 
This chapter attempts to trace a relationship between the city growth, 
landuse pattern and heat island potentials in the four megacities of India. 
The identification of megacities is a very complex issue as the definition of 
a megacity varies in accordance to the criteria used for its identification. 
However, in most of the research studies, a megacity is customarily defined 
in terms of population size which is invariably very large. This enormous 
size reflects the complexities and management problems arising out of a 
number of problematic features which are most commonly found there 
(Brennan and Richardson, 1989).^ ^ For example, the concentration of 
migration, monster of unemployment, vicious circle of poverty, urban 
sprawl, rising values of urban land and housing, slums and squatter 
settlements, environmental degradation, growth of informal sector, etc. have 
been listed as common features of the Indian giant cities (Nagpaul, 1991).'* 
1 . Census of India (1991), Mega Cities of India, Population Growth, Dispersal and 
Characteristics, pp. 1-3, New Delhi. 
2 . Ibid. 
3 . Ibid. 
4 . Ibid. 
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Treating the population size of 5 million and above as the cut off 
point for defining a megacity; four giant cities of India, namely Delhi, 
Greater Mumbai, Calcutta and Chennai, could be identified on the basis of 
population figures available from the census of 1991 as the mega cities of 
India. The Census of India 2001 has now identified six megacities including 
Bangalore and Hyderabad. All the four cities under study, however, embrace 
a number of physically contiguous cities and towns as well as their 
outgrowths. Thus these megacities are, in fact, the mega urban 
agglomerations which represent a continuous urban spread consisting the 
core city and its adjoining outgrowth alongwith other physically contiguous 
cities and towns together with well recognized outgrowth of such cities and 
towns. 
These four megacities which evolved in their present form in the past 
century are at present not only the centers of almost every human activity 
ranging from industry, commerce, finance, education, health, science and 
technology to production of consumer goods almost all forms of change 
radiate from these cities to other parts of the country (Nagpaul, 1991).^ The 
landuse density and intensity play a vital role in enhancing the heat island in 
these cities. As per the 1991 Census 37 million persons lived in these city 
agglomerations and the population size of these agglomerations varied from 
approximately 12.6 million in Greater Mumbai to 5.24 million in Chennai. 
There has been a rapid growth of population, area and density in the four 
megacities of India during 1991-2001. As per the Census of 2001 the 
population of Mumbai was 16.37 million followed by Delhi 13.79 million, 
Kolkata 12.79 million and Chennai 6.42 million. Their total population was 
48.8 million persons. By the end of year 2005 these four megacities 
comprised a total population of nearly 55 million people. By this magnitude 
Delhi, Mumbai, Kolkata and Chennai together house more than one-sixth of 
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the total urban population of India (Table 3.1). The percentage population 
share of each of these cities (except Delhi), varied from slightly less than 10 
per cent in Tamil Nadu to around 16% in Maharashtra and West Bengal. 
Whereas, the proportion of the urban population living in such places varied 
from more than 28 per cent in Tamil Nadu to 41 per cent in Maharashtra and 
approximately 59 per cent in West Bengal. In the remaining fourth city 
namely, Delhi, due to its being the National Capital and its adjoining areas, 
slightly less than 90 per cent of the total and 99 per cent of the urban 
population was enumerated in Delhi agglomeration alone. 
Tabic 3.2 
Percciitaj^c Areal Growth of The Indian Meaacitics (1961- 2001) 


























Source : Compiled from Census of India records 
Here, in this chapter a study of the population growth and landuse 
pattern of each of the Indian Megacities has been dealtwith to raise a curious 
insight into the existing problem and to give a definitive understanding to 
the creation of an urban heat island. 
Population Growth and Landuse Expanse in Delhi 
Delhi in many ways is a complex city. Because of its chequered 
history, shaped as it has been by a set of extremely complex forces, it is a 
city with a unique blend of new and old settlements. Its deep rooted 
vernacular traditions, its fast growing population, its expanding 
administrative and economic functions, such as global economic functions, 
political and strategic contexts, the modern technological imperatives and a 
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Delhi its large expanse and size, contains several cities and subcities (Fig. 
3.1). It is a typical Indian city in the sense that it represents Indian culture 
and society as it has evolved through time. It is a truly cosmopolitan city as 
well with people from all parts of India and abroad and all walks of life. 
Delhi is emerging as a prime business and industrial city in the country. 
Delhi has witnessed a phenomenal population growth during the 
past few decades, A population of 4,05819 in 1901, has grown to 9,420,644 
in 1991 and 13,782,976 in 2001^ (Fig. 3.1.1). There was a sudden increase in 
population in the year 1947 due to partition of the country. The 1941-51 
decade recorded a growth of 90 per cent. Since 1951 the population of Delhi 
has been increasing at a rate of almost 53 per cent every decade. During 
1981-91, it increased by 3,200,328 persons. The aggregate population 
growth during 1991-2001 was 4,362,332 persons. In the wake of 
unprecedented liberalization and globalization there is an expansion of 
economy. Employment opportunities are growing. With the improved 
transportation facilities, particularly the Metro Train Service, in Delhi there 
would be incentive for enhanced migration. Although the natural population 
growth in the megacities is on the decline, there are growing opportunities 
for inmigration. Under such a scenario the population growth of Delhi 
during 2001-2011 is likely to be more than it was during 1991-2001. The 
period from 2001-2011 may add a population of over 5,000,000 in Delhi. 
Delhi's rapid population growth is due to the economic incentives harnessed 
by its status as the political capital of the country. Delhi in the last two 
decades 1981 to 2001 has added a population of 7,562,660 persons. No city 
in India has added so heavily to its population. It can be presumed that in the 
last quarter of a century from 1980-2005 Delhi's population has shown an 
unprecedented rise to the tune of nearly 10,000,000 people. Such a high 
population growth coupled with associated expansion of built up surfaces 
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can well justify the accompanying urban heat island to trigger a regional 
warming. 
In the year 1971 Delhi had an areal extent upto 446.26 sq.km. with 
a density of 13377.85 persons per sq.km. By the year 1981 the areal extent 
of Delhi increased to 591.85 sq.km. By the year 1991 the geographical area 
of Delhi increased to 1483 sq.km with the corresponding density of 6,352 
person per sq.km. and 9294 persons per sq.km. in 2001. The spatial structure 
of Delhi is characterized by unorganized growth depicted by mixed landuse 
pattern (Fig. 3.1.2). The city depicts a tendency of linear growth along the 
main highways. Delhi-Rohtak and Delhi-Faridabad routes appear to be 
highly attractive both for industrial activities and residential colonies. Till 
1971 the city largely demonstrated a horizontal expansion. Subsequently it 
depicted both horizontal and vertical growth and started changing the old 
character and physical build of the city. The once existing expansive 
bunglows and lawns are being fast replaced by sudden sprouting of 
multistoreyed buildings and flats with little architectural considerations. 
Outside Delhi and New Delhi one can notice a bizarre mixture of urban and 
rural life exhibiting the worst aspects of both to make it inhuman and cruel. 
The mixed congested residential landuse with a high degree of 
commercial activity is dominant not only in old Delhi but also at Karol 
Bagh, Sadar Bazar, Civil Lines, Kamla Nagar, Vikas Puri, Janak Puri, 
Mangol Puri, etc. These are mostly residential colonies with very high 
density especially in the extreme north of Delhi and in west Delhi. The 
geographical dispersion of high social status areas are mostly concentrated 
in the north-west as well as south Delhi. North Delhi also reflects mixed 
land use pattern having trade and commerce in residential areas. Activities 
8. Moira, B., Singh, R.B. and Malik, A, (1998) - Delhi Metropolis : Housing and Quality 
of Life in R.P. Misra & K. Misra (ed.), Million cities of India Growth, Dynamics, 
Internal Structure, Quality of Life and Planning Perspectives, Sustainable Development 
Foundation, pp. 196-198. 
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Major Arterial Network of Delhi 
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such as livestock and construction and other primary activities are mainly 
concentrated not only in old Delhi and north Delhi but also in the peripheral 
areas of the city. As urban expansion of the city is in the southward 
direction, lots of new residential areas are cropping up at the outskirts of 
south Delhi covering areas like Vasant Vihar, Vasant Kunj, Mehrauli, etc. 
The population density and the landuse intensity in these areas is moderate. 
Manufacturing activity is dominant in areas like Darya Ganj, Sadar 
Bazar, Subzi Mandi, Wazirpur, Lawrence Road, Tri Nagar, Raja Gardens, 
Seema Puri, Gandhi Nagar, New Okhla Industrial Estate, etc. The industrial 
activities are spread up not only in the peripheral zone but also in 
intermediate and inner zones. The spatial distribution of this activity reflects 
the development pattern of many cities in developing countries. The 
innermost zone of Delhi comprises high density residential areas and 
commercial centers in the vicinity of old Delhi. The Mughal period Delhi 
seems to lose its attraction to newly developed Bazars like Karol Bagh, Pusa 
Road, etc. These are now well developed, highly commercialized shopping 
centers leaving behind the old Delhi. Still, however, most of the wholesale 
activities are concentrated in old areas. 
Delhi inner zone is covering the central Delhi, i.e. areas under New 
Delhi Municipal Corporation (NDMC) as well as areas in north west and 
south Delhi. It is delineated by the Ring Road and the Mall Road. It contains 
the main important network of roads and railway lines (Fig. 3.1.3). This area 
also includes the area of east Delhi delineated by National Highway number 
24 in the south and Wazirabad Road in the north. This area depicts 
diversified picture of Delhi. On the one hand it covers areas of New Delhi's 
commercial centers like Connaught Place, administrative blocks of Central 
Secretariat, area of foreign embassies at Chanakyapuri. This portion is the 
legacy of British period. Hence, it is still the best organized and most 
spacious part of entire Delhi. It is here that the Safdarjung meteorological 
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station is located. On the other hand it also covers the areas of east Delhi 
having high housing concentration as well as dominant manufacturing, trade 
and commercial activities. Here, expansion is haphazard and unrestricted. 
The residential colonies especially in the old areas like Shahadra are very 
crowded and congested. It is in total contrast to the spacious New Delhi, 
which is well planned with broad roads and historically adequate 
infrastructure facilities. 
Outside the innerzone are the peripheral areas of Delhi, delineated 
in south by Mehrauli-Badarpur Road and in the north by outer Ring Road. 
These areas in south Delhi inhabit elite class and cover areas like south Moti 
Bagh, Jawaharlal Nehru University, Mehrauli, Malviya Nagar, Saket, Panch 
Sheel, etc. Palam meteorological station is located at the airport in this area. 
It also covers the area of Delhi Cantonment, West Delhi along with middle 
class residential colonies manufacturing and commercial centers as well as 
Wazirpur Industrial area with railway line. Beyond the outer Ring Road in 
the north and west Delhi are the fast developing residential middle class as 
well as resettlement colonies. The outskirts of south Delhi, not only include 
elite class residential areas but also the farm houses.^ 
Pattern of Landuse and Planning Zones : 
The landuse plan for the National Capital Region (NCR) depicts the 
exposition of various broad landuse categories designed for a balanced and 
harmonious development of the region by 2001. In order to avoid haphazard 
development and ensure orderly development of the rapidly developing 
urban sector in the NCR, a legislative tool in the form of Zoning Regulation 
is a necessity. Keeping in view the anticipated rapid urban expansion of the 
NCR towns and also the rate of environmental degradation in the region, 
four district zones have been identified for application of strict landuse 
control and development. 
9. Loc.cit. 
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1. Urbanizable Area - It comprises the areas that are used for mixed 
landuse consistent with an urban set up, such as residential, commercial, 
industrial, government offices, recreational, public and semipublic, 
circulation, open spaces, parks and playgrounds, graveyards/cemeteries and 
burning ghats. The detailed uses within the urbanisable area will be 
governed by the local authority according to the prescribed uses in the 
Master Plan. 
2. Green Belt/Green Wedge : The peripheral agricultural zone in the 
immediate vicinity of the urbanisable area is very vulnerable to 
encroachment by development. To arrest undesirable growth in this zone 
and to ensure orderly and compact urban development, a control belt is 
proposed all around the expected developed area. The development will be 
restricted or strictly controlled in this green belt. The activities compatible 
with open character of land will be permitted. 
3. Green Buffer along the major transport corridors : The undesirable 
industrial development in the areas beyond the urbanisable area limits of the 
towns along the highways would become a serious problem in the near 
future. There will be a continuous ribbon development along the major 
transport routes. In order to control this large scale development beyond 
urbanisable limits, a width of 100 mtrs on either side along the National 
highways and the proposed Expressways and 60 mts on either sides along 
the state Highways should be kept as green buffer. Only activities permitted 
in the green belt would be allowed. 
4. Remaining rural land : It includes mainly the vast agricultural land, 
forest, ridge areas and rural settlements. This zone of agricultural land at 
present is being threatened by the spotted industrial/urban encroachments 
especially along the National Highways and State Highways. The lower cost 
of land in the rural areas, excellent transportation system and marketing for 
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the products have accelerated the development of industries along the 
roadsides.'*^ 
Problems of Municipal Services : 
Delhi too has more than its share of the urban problems. With the 
unprecedented growth of population largely due to migfatiCTn of both the 
service class and the rural poor to the city, nearly half of the inhabitants of 
the metropolis live in slums and squatter settlements with all the attendant 
problems of water supply, sewage disposal, transportation, housing, 
electricity, schooling and health and sanitation." The problems of Delhi 
have over the time become symptomatic of the chronic urban curses from 
which a big city suffers, due to inappropriate planning and lack of political 
determination. Delhi being the National capital has to endure the problem of 
political compromises and concessions in legalizing the illegal housing and 
commercial establishment in the absence of a long term stable government 
in the last two decades. The people who settled down in Delhi, the original 
population, migrants after the partition and those who were attracted to this 
sprawling center of employment have not paid back their dues for proper 
grooming of the city. 
Delhi's air and water and ambient atmosphere have been so highly 
polluted, mainly due to noxious discharges from fossil-fuelled vehicles and 
noxious industries, that the World Health Organization (WHO) has 
described it as the third most polluted city in the world. The destiny of Delhi 
is intricately interconnected with the problems of the region carved out as 
the National Capital Region, as a compact human habitat, economic zone, 
growth center and inseparable environmental unit. 
10. Regional plan 2001, National Capital Region, National Capital Region Planning Board 
Ministry of Urban Development, Government of India. 
11. Loc. cit. 
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Population Growth and Landuse Expanse in Mumbai : 
Mumbai is the largest megacity of India since 1991 census records. 
The census of India 2001 showed its population as 16.37 million. Upto the 
Census of 1981, Mumbai remained the second largest city throughout its 
growth. The population and the areal growth of Mumbai has gained a new 
impetus in the last 25 years. Its rapid urban agglomeration has added large 
contiguous areas to the urban heat island effect. Often called the New York 
of the East', it is literally the "Gateway" to India and offers a pulsating 
introduction to the country. This city, the "urbs prima" of India ranked 6 
among the urban agglomerations of the world in terms of population in 1990 
and is expected to rank 2"^ " by 2015 A.D. At present it is one of the Indian 
cities recognized as a 'mega-city', and is on its way to becoming a global 
city.'2 
Mumbaj is an island megacity. The population of Mumbai city first 
crossed the million mark way back in 1911. Mumbai became India's second 
million plus city in the early 20"' century. The next three decades of 1921, 
1931 and 1941 were marked with very slow growth of population. In the 
post-independence Census of 1951, when Greater Mumbai was formed, the 
population had shot up to nearly 3 million. The last two decades of 1991 and 
2001 have recorded a population explosion wherein the population from 
8.24 million in 1981 grew to 12.6 million in 1991. It further grew to 16.37 
million in 2001. Mumbai's population explosion has been witnessed since 
the mushrooming of New Mumbai on the mainland. The direct linkage of 
Mumbai with the Konkan Railway (western coastal railways) has suddenly 
enhanced the mobility and migration of the population of the western coast 
of India in massive proportions. Under these circumstances, it appears that 
Mumbai would remain the largest city of India. Such a massive population 
12 . Sita, K. (1998). Mumbai : A Global City in Making in Misra & Misra (ed) Million 
Cities of India Growth Dynamics, Internal Structure, Quality of Life and Planning 
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growth is the harbinger of proportionate industrial and commercial growth 
as well. This has enabled enormous areal expansion of builtup surface 
(Fig. 3.2). The civic and urban amenities cannot cope up with population 
and areal growth. This has also led to the increase in pollution. The 
contiguous areal growth is a fairly convincing reason to explain the growing 
urban heat island in Mumbai. 
Density : 
The pattern of spatial distribution of population has been markedly 
affected by geographical and historical factors (Fig. 3.2.1). The site 
characteristics resulted in the north-south alignment of routeways which 
channelised the spread of population while historical factors resulted in the 
original nucleus of the city being eccentrically located in the extreme south. 
The CBD comprising Fort in the south and Esplanade in an area of relatively 
lower densities of about 10,000 persons per sq.km. is due to concentration of 
non-residential land-uses such as administration, commerce, etc. 
Immediately to the north of it lies the zone of maximum density in which 
density exceeds one lakh persons per sq.km. and in some areas such as 
Bhuleshwar and Mahalakshmi it is over 2 lakh persons per sq.km. These are 
old residential areas with easy access to the city center. Colaba and Malabar 
Hills have relatively lower densities due to non-residential land-uses in the 
former and hilly terrain together with spacious housing of the elite in the 
latter. In the rest of the city, a pattern of relatively higher densities in the 
western part as compared to the eastern is evident, this is due to the greater 
significance of residential land-use on the western shore while the eastern 
shore-line is characterized by the port and its associated activities such as 
warehousing.' 
In the suburban areas, the negative effect of the physical factors 
such as hill and marshes as well as the corridor effect of the suburban 
13. Ibid., p. 102. 
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railways are ¥617 striking (Fig. 3.2.2). Also evident are the differences 
between eastern and western and also between inner and outer suburbs.^ '* 
The spatial distribution of population has undergone significant 
changes, which is reflected in the population density gradient. The density 
gradient for Mumbai city steepened from 1901 to 1921 and declined after 
1921. The density profile for Greater Mumbai for the period 1951 to 1991 
shows the same trend of decrease especially after 1961 the factors that have 
contributed to it are the concomitant processes of suburbanization and 
depopulation of the city core. The importance of suburbanization is reflected 
in the changes in the pattern of distribution of the population. In 1961 the 
suburbs accounted for approximately 33 per cent of the population which 
increased to 60 per cent by 1981. The trend is probably continuing and 
consequently the separation of place of work from place of residence has 
become very marked and entails commuting on a large scale. Superposed on 
this is the establishment of offices and workers colonies which minimize the 
commuting distance; the most striking examples are those of RCF and 
Atomic Energy in the Chembur Trombay area.'^  
The historical evolution of the city was accompanied by change in 
its physical configuration. It was through the reclamations of satellite 
islands (seven in number) that the city has acquired its present shape. 
Though the work started in the 18"^  century it still continues today.'^ 
Pattern of Landuse and Planning Zones : 
The Regional Plan for Mumbai Metropolitan Region 1970-91 came 
into force in August 1973. The Plan had proposed 4 major landuse zones, 
viz. urbanisable Zone, Major Industrial Zone, Forest Zone and Green Zone. 
14. Ibid., p. 104. 
15. Ibid. 
16. Ibid., p. 100. 
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As the urbanisable Zone was derived on the basis of desired population 
distribution and desired densities, many areas with urban potential on 
account of better accessibility were included in the 'Green' Zone, but have 
experienced considerable urban growth defeating the purpose of conserving 
agricultural land and preventing urban sprawl on the one hand and exposing 
the limitations of enforcement mechanism on the other. Examples are Vasai-
Virar area and Dina-Mumbra area. In the revised Regional Plan, therefore, it 
would be desirable to identify urbanisable Zone-1 where relatively high 
density development could be permitted in the next 10 years.'' 
The plan envisaged that in the urbanisable Zone II low-density 
development could be permitted in the first 10 years. After reviewing the 
availability of infrastructure, high density development could be permitted 
in the later period and urbanisable Zone-Ill, was planned for large 
institutional users for the hospitals, educational institutions, research 
institutions could be permitted along low density residential development. 
Similarly, in addition to the forest Zone, coastal Regulation Zone will also 
have to be identified in the light of the Notification of Ministry of 
Environment and forest.'^ 
A balanced integrated development is the main objective of the 
Mumbai Municipal Region Development Authority (MMRDA), but the 
institutional framework within which it works is highly complex. There are 
local agencies having territorial jurisdiction like Municipal Corporation of 
Greater Mumbai, Thane Municipal Corporation, Kalyan Municipal 




19. Ibid., p. 146. 
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Land Use / Land Cover Map of Mumbai 
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Nature of Landuse 
This mega-city acknowledged as the urban glory of India shows a 
greater spatial segregation of functions than one normally encounters in an 
Indian city (Fig. 3.2.3). The city core includes the Fort area towards the 
southern tip of the island, which was the nucleus of the British colonial 
settlement in the past. Colaba meteorological station is located here. This 
meteorological station records the marine influences along two sides in its 
immediate vicinity and the open administrative and residential areas of low 
density. It is also punctuated with greenery and groves in its geographical 
personality. The native town to its north is the nucleus of the indigenous 
settlement. Four functional zones can be identified within the area. A major 
administrative zone coincides with the CBD areas of the Fort and Esplanade, 
while residential land-uses characterize parts of the old indigenous town in 
Girgaum, Khetwadi and Dhobi Talao. A commercial belt is found in the 
north-east near the docks, while residential-cum-commercial land-use is 
distinctive of Bhuleswar, Khara Talao and Charkala. 
Residential Landuse : 
The city core the north of Fort area is inhabited by indigenous 
population and is characterized by high density old dilapidated houses with 
crowding and congestion being the chief features. Inspite of a greater spatial 
segregation of functions in the city as mentioned above, it is difficult to 
clearly demarcate exclusive residential areas within the city, for each 
residential area is interspersed by commercial activities or zones. 
In terms of true residential land-use, an upper class zone has 
developed on the western ridge at Malabar and Cumbala Hills. It has in 
recent years, extended along the Worli sea-face and further north to Bandra, 
Khar and Juhu in the suburbs. At the other end, are areas occupied by slums. 
20. Loc.cit,p. 104. 
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They have mainly developed in the marshy ill-drained areas between and 
along the railway lines. The pressure of incoming migrants is so great that 
there is a tendency for encroachment on all open spaces, whether 
government or private, and a common sight is skyscrapers and slums side by 
side.^' 
Commercial Area : 
Mumbai is a unique Indian city in which a highly well defined CBD 
landscape has emerged. The CBD which is centred on the fort in the 
southern part of the city is dominated by tertiary and quarternary activities 
such as finance, banking, insurance, travel agencies, upper class hotels, 
theaters, etc. Offices provide employment for one-fifth of Mumbai's skilled 
labour force and 62 per cent of the employment in this sector is concentrated 
in the CBD. There is some evidence of an increase in the past years. In spite 
of efforts at decentralization the forces of agglomeration and centripetal 
tendencies have remained powerful. In fact in the last two decades, the 
development of the Nariman Point complex has resulted in an extension 
southwards of the business district.^^ 
To the north of the CBD lies the major bazaar zone; it lies in the 
heart of the original nafive town in Bhuleswar, Girgaum, Masjid, Bandar 
and Mandvi area. In this area, the belt near the docks in the east is purely 
commercial while westwards it gives way to an area of mixed commercial 
and residential kind-use. It is characterized by an intensive use of space and 
supports very high population densifies. The area has distinctive street and 
place specializations such as Zhaveri Bazaar for jewellery. A second 
important commercial area is located in the Dadar Naigaun zone; the 
emergence of Dadar as a major transport node and its more central location 
21 . Ibid. 
22. Ibid. 105. 
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in terms of the population distribution are important factors. The spurt of 
population northwards has been accompanied, by diffusion of commercial 
activities. Hence, retailing has become a significant function of many of the 
suburbs, particularly near the suburban railway stations. Encroachment of 
commercial activities on residential areas has led to urban renewal in the 
suburbs. 
Office Growth : 
With regard to office developments, the Regional Plan 
recommended adoption of a policy which will not do anything that will go to 
perpetuate the north-south development trend and aggravate the structural 
imbalance in the city. No additional commercial area was to be created in 
the southern Backbay Reclamation portions by restricting the commercial 
area to 20 per cent of the scheme, the remaining 80 per cent reserved for 
residential users. It recommended controls on the location of new offices 
with a space requirement of more than 250 sq.m. or with an employment 
potential of more than 50 persons in the southern areas.'^ '^  
These recommendations were, however, translated into an operative 
policy only in 1977 by the Mumbai Metropolitan Region Development 
Authority (MMRX)A). By this policy no development for office purposes or 
wholesale trade could be undertaken in the Island City of Mumbai without 
the explicit permission of MMRDA. In fact, this policy was adopted to deny 
the commercial advantages to the highly cosmopolitan and vibrant 
population of the area. By this policy and several such policies the axis of 
advantages was shifted to the areas of New Mumbai which were inhabited 
by the less enterprising indigenous population of Maharashtra origin. On 
similar considerations, the internationally famous name of Bombay was 
23. ibid. 
24. Ibid., p. 138. 
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changed to Muinbai. Historically, the genesis and growth of the city had 
taken place on cosmopolitan opportunities to groom it a city of glory. This 
discretionary control was translated into a blanket ban on offices in the 
Development Control Regulations in 1991. The selection of development 
venues and reallocation of resources has been made on regional and 
communal bias. 
The plan envisaged eventual relocation of all offices not connected 
with Mumbai, in the metro center across the harbour and to undertake the 
shifting of as many such offices from the present CBD as possible to the 
area of the proposed metro centers as soon as conditions were ripe for so 
doing. Priority was to be given to the Bandra-Kurla reclamation and to 
establish an alternative commercial complex in this area to give immediate 
relief and to locate or relocate such offices which must essentially exist in 
Mumbai either in this alternative center or in the northern areas. 
Industrial Location : 
After the World War II the growth of industries in Mumbai had 
been phenomenal. In Greater Mumbai the labour force in the year 1961 was 
42.5 per cent of the total population. Workforce structure in the three 
decades of 1961, 1971 and 1981 shows that there has been a decline in the 
share of secondary sector workers from 52 per cent in 1961 to 40 per cent in 
1981 with consequent increase in tertiary activities from 48 per cent in 1961 
to 60 per cent in 1981 and 77 per cent in 1991.^' About one third of 
Maharashtra's industries are located in Greater Mumbai (about 35000 units). 
Of these about 76 per cent are located in Mumbai island within an area of 
only 26.19 sq.miles out of total area of 169 sq.miles. These factories account 
for over 44 per cent of 10 lakh workers (approx.) employed in the registered 
25. Ibid., p. 139. 
26. Ibid., p. 117. 
27. Ibid. 
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factories. About 85 per cent of the industrial employment arises within the 
island. The concentration of industry in the Greater Mumbai area, and 
particularly the island city has large contiguous areas of high builtup 
densities, proliferation of slums, infrastructure shortages and marked 
deterioration in the quality of life. 
Open Spaces : 
A cursory glance at the urban map of Mumbai is sure to give one an 
eyesore (Fig. 3.2.2), with a dense network of streets, lanes and bi-lanes and 
stacks of standing concrete blocks with a rare open space, scarcely allowing 
the city and its inhabitants some breathing space. In the downtown fort area 
are a few open spaces the likes of Azad Maidan, Oval maidan and Cross 
maidan. Hanging garden and Kamala Nehru are parks in the West and 
Victoria Gardens are the lawns encircling Victoria and Albert Museum due 
north. 
On account of the south-north alignment of the landuse and also due 
to the crunch of East-West width, these are few open areas. The causative 
factors for the numerous problems that the city is faced with, stem from the 
excessive concentration of population and economic activities. The situation 
has been exacerbated by the limitation of space due to the site 
characteristics. This has given rise to problems of housing and congestion 
together with a severe strain on transport and infrastructure. In recent years 
a major cause for concern has been environmental pollution, it is due to the 
concentration of industries, the heavy traffic on major transport arteries and 
the numerous slums which lack the basic amenities. 
The location of the CBD and the part in the south has led to the 
channelising of both commuter traffic and intra-urban flows along the same 
28. Ibid. 
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arterial roads so that people and commodity flows are forced through a 
restricted number of north-south arteries. Some short-term improvements to 
smoothen traffic flows have been through construction of numerous fly-
overs. 
The problem has been aggravated by the absence of reasonable 
zoning regulations which have led to admixture of landuses. Thus residential 
land-use has developed right upto the giant RCF and other chemical units in 
Trombay. The rapid suburbanization and the significant urban sprawl 
beyond the limits of the city have led to encroachment into the surrounding 
rural areas, particularly along the river valleys and in lowlands.^ ^ 
Population Growth and Landuse Expanse in Kolkata 
Kolkata v^ as the first foothold of the British East India Company - a 
trading cum-political enterprise of the colonizers. For one hundred years of 
census records upto 1981, Kolkata remained the largest city of India. 
Kolkata became the first million plus city of India in the 19^*^  century itself 
It also became the first megacity of India in mid 20'^  century. This megacity 
commanded a large hinterland over the mineral and agricultural resources of 
India. It appears that due to politico-administrative reasons, the growth of 
the city has slowed down (Fig. 3.3). The leftist-communist regimes have 
groomed a culture of strikes and trade unionism. Such unrests have 
stagnated the growth. Due to these circumstances Kolkata has not attracted 
globalization and multinational corporations in comparison to Delhi and 
Mumbai. Globalization, today, is a major factor of infrastructural and 
economic growth. It offers opportunities of in migration and has 
considerably solved the problems of employment and under employment in 






























During the first three decades of the past century, Kolkata recorded 
a low and fluctuating rate of disasters besides shifting of national capital 
from Calcutta to Delhi in 1911. In the next decades that is during 1931-41, 
Kolkata recorded the maximum growth rate and as per UN report, this was 
due to over enumeration of population resulting from political agitation 
prevailing there (UN : 1986-B). Later on, in the last 50 years period the 
average growth rate of Kolkata has recorded a continuous decline over the 
decades and this is more significant during the decade 1981-91 (Table 3.2). 
The Kolkata Municipal Corporation is the nucleus of the Kolkata 
metropolitan Area, the largest conurbation of human settlement in India 
spreading over the either bank of the river Hooghly. The Kolkata 
Metropolitan Area is the principal urban center of a vast hinterland 
extending over the whole of eastern and north eastern India. Some of the key 
functions related to development of the whole country that Kolkata performs 
are : 
1. acting as a national center of economic activities like industry, trade 
and commerce; 
2. acting as the main capital market for the entire eastern region; 
3. functioning as a very important regional, national and international 
node for traffic and transport, both, passenger and goods. 
4. providing the location for regional headquarters of several Central 
Government Organisations; 
5. acdng as an important center for higher education, specialized health 
services and cultural and recreational activities; 
6. providing a principal center for the eastern region as well as the 
nation for utilization of human potential in high technology and 
modern methods of research and development; 
30. Ibid., p. 177. 
94 
95 
7. acting as the gateway to international tourist traffic from south-east 
Asia. 
The Kolkata Municipal Area is well served by a network of roads 
and rails to the Metropolitan Area and its hinterland (Fig. 3.3.2). 
Nature of Landuse 
The morphology of the city bears testimony to its history. Around 
the Barabazars where the Indian Merchants settled, the very densely 
populated north Kolkata is still the hub of the city, while the empty grounds 
of the Maidan cleared around Fort William remain the green lungs of a 
polluted Kolkata. Between the two, the sinews of power are still 
concentrated around Binoy Badal Dinesh (BBD) Bag, Raj Bhawan, Writers 
Building, the Port Trust and the monumental buildings of established 
Commercial Banks. East of Maidan, Chowringhee, Park Street, Shakespeare 
Sarani, where many Britishers stayed during the colonial days are still prime 
areas. Further south, Bhowanipore, Ballygunge and Tollygunge are 
residential areas. By contrast the eastern part of the city is poorer, with 
canals, railways, factories and bustees dotting second rate residential wards 
(Fig. 3.3.3). Many refugees have settled here after the partition of the 
country. The city itself is the heart of a sprawling conurbation which had to 
adjust for long to the dictates of geography and to the logics of trade 
surrounded by the marshy lands of the Ganges delta, the banks of the 
Hooghly have attracted settlements and chiefly the line of jute towns, north 
of Kolkata interspersed with the old European trading ports. 
31. The Landuse and Development Control Plan for the Calcutta Municipal Corporation 
Area (1996). Calcutta Metropolitan Development Authority, p. 11. 
32. Jean Racuine (1998), Calcutta From Crisis to hope in Misra & Misra (ed), Million 
Cities of India Growth Dynamics, Internal Structure, Quality of Life and Planning 










Pattern of Landuse and Planning Zones : 
The massive population growth of Calcutta Metropolitan District, 
which makes it the second largest metropolitan conurbation in India, is not 
marked by any organized landuse pattern. Rather it is pronounced through 
an abysmal absence of any order. In retrospect, it might appear that the 
greatest tragedy that besieged Calcutta's settlement pattern since its 
inception was the persistent denial of any consistent planning process 
resulting into massive suburban sprawl of unprecendented magnitude.^^ 
The entire area covered under the landuse and Development control 
plan is divided into six Development Control Zones for the purpose of 
formulating the general proposal for development and use of land as well as 
for framing of the Development Control Regulations. Development Control 
Zone ' C - comprises the areas that are used intensively for commercial 
activities mixed with residential and other uses. This zone also includes the 
areas which are likely to be used in future for intense commercial activities. 
Development Control Zone RI - comprises the areas that are used 
principally for residential or industrial purposes but are mixed with other 
uses. Zone R - comprises the areas that are principally used for residential 
purpose mixed with marginal retail activities. Zone M - comprises the 
Calcutta Maidan area, which is a sprawlous open space and no development 
is officially permissible. Zone UA - it comprises the port and railway areas. 
Zone RF - it comprises mixed landuse both industrial and residential.'''' 
Problem 
Administrative Neglect 
Most of the problems faced by the city may be due to the long 
persisting administrative neglect. The urban landscape speaks for itself and 
33. Monideep Chatterjee (1998). Calcutta : The Planning Agencies in Misra & Misra (ed), 
Million Cities of India, growth dynamics, Internal structure, Quality of Life and 
Planning Perspectives, Sustainable Development Foundation, New Delhi, p. 148. 
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the visual impression of degradation and inadequacy conveyed by the city: 
dilapidated old mansions, ramshackled buses, garbage heaps, potholed 
streets where hawkers carry on their trade from the pavements, congested 
traffic and here and there plastic sheets of the hovels set up by families of 
pavement dwellers settled near public water taps. One Calcuttan out of three 
in the city itself, live in some 300 bustees, those compact slums of low 
houses of bricks and tiles which are particularly important in East and North 
Kolkata and on the other bank of the Hooghly, in Howrah. Although such 
hutments are being rapidly replaced by unplanned illegal constructions with 
basal living conditions and cramped tenements in a bid to make easy money 
by the land owners. In a situation of acute housing crisis, the middle class 
itself has to bear the cost of rarity and must often accept to live in small 
degraded flats, or is pushed to the suburbs by the speculation wave which on 
the other hand, favours the upper class and the corporate people who are 
able to settle in the new costly apartments now built by private companies in 
the posh areas where the last of the old bungalows are being demolished.^ ^ 
Population Growth and Landuse Expanse in Chennai 
Chennai both in terms of area and population is smallest of the 
megacities under study. As per the Census of India 2001 the population of 
Chennai was only 6.42 million people, which is nearly one-third the 
population of Mumbai and half of the population of Delhi. Chennai also has 
the lowest population and area growth (Fig. 3.4). This is because of the fact, 
that it has the smallest hinterland of all the four megacities. Chennai's 
geographical location and the consequent infrastructure could never 
command a nation-wide hinterland. Its hinterland is largely confined to the 
south of Krishna river. Chennai was the last of the four megacities to 
become a million plus city in 1931. 
The population of Chennai since 1901 has been on the increase, 
although at a slower rate in the earlier decades of the century. The decadal 
35. ibid., p. 175. 
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growth of population in Chennai since 1931 has never been less than 25 per 
cent until 1991. It was as high as 64.96 per cent between 1941 and 1951. 
Population density generally decreases from 5,8000 persons per sq.km. in 
the CBD to 13,000 persons per square kilometer in the newly developed 
residential areas like Anna Nagar (Fig. 3.4.1). The overall density of 
population as in 1991 was 19,000 persons per square km and 24,231 persons 
per square kilometers in 2001, with a total population of 6.42 million. 
Madras, now renamed a Chennai, also owes its origin to the East 
India Company, which came to India for the purpose of political control and 
trade. Chennai has been occupying a pivotal position in the southern India 
region ever since it was founded in the 17 century. Its importance in the 
region can be attributed to the fact that till recently it has been the major 
commercial, administrative and military center for the entire south. The 
contribution of harbour and the laying of trunk railway lines and major 
highways radiating from it, linking the major cities of India and the vast 
hinterland have strengthened its pre-eminent position. The period between 
1947-91 has seen within itself an unprecedented spatial growth of Chennai 
triggered largely by the post-independence industrialization.''^ 
Pattern of Lancluse and Planning Zones 
The city has been divided into different landuse zones depending on 
the predominance of particular activity in each zone. The boundaries of each 
functional zone has been delineated on the geographical continuity method. 
These functional zones of the city are as follows : 
Zone I Industrial Areas 
Zone II Commercial Areas 
36. Ramesh A, Kumaran VT and Gunaselvam, R. (1998). Chennai : A coastal city of 
colonial origin in Misra and Misra (ed) Million Cities of India, Growth, dynamics, 
Internal Structure, Quality of Life and Planning Perspectives, Sustainable Development 
Foundation, New Delhi, pp. 258-259. 
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Zone III Old Residential Areas 
Zone IV New Residential Areas'^ '' 
It was found that different zones have grown at different rates over 
the decades (Fig. 3.4.2). The trade and commerce zone which includes the 
CBD of the city has either seen a stagnant growth or got depopulated. The 
old residential zone has also been stagnant registering just 2 per cent of 
annual growth rate of population. In sharp contrast, the outer fringe of the 
city has registered a very high rate of growth of population. 
The industrial zone is bounded on the east by the sea and on the 
north by Thiruvottiyur. It is a prominent industrial area of the city. George 
town is the major commercial zone extending upto Mount Road. Large 
business centers, wholesale and retail shops, the harbour and the central 
railway station are the characteristic features of this zone. It is the key 
market from which commodities flow to other markets of the city and it is 
the most congested business center. It is over crowded with practically no 
appreciable open space and no change in the internal structure of the zone. 
The old residential zone includes Purasawalkam, Vepery, Chetpet, Kilpauk, 
Egmore, Triplicane and Mylapore. The important landmarks in this zone are 
Egmore Railway station, Fort, secretariate Building and Marina Beach. The 
new residential zone is a crescent shaped girdle which sprawls from the 
Elliots Beach in the southeast of Villivakkam and it is the continuation of 
the old residential areas in the west and south. The important suburbs in the 
zone are Shenoynagar, T. Nagar, Saidapet, Adayar, Guindy and Raja 
Annamalaipuram. T. Nagar is important for its commercial and residential 



























Problems of the City 
Like any other city in India Chennai has its own share of problems. 
The serious nature of housing problems is reflected in the growing number 
of households living on pavements, slums and overcrowded places in the old 
residential areas. The housing stock in the city can be broadly categorized as 
slums, street houses in the older parts of the city, independent houses and 
apartment houses. Housing conditions of the city are reflected in the 
increase in its slum population, inadequacy of urban services, over crowding 
and poor living conditions. The housing conditions in the compact built up 
older areas of the city are mostly substandard in quality.''^  The condition of 
transport has scarcely exhibited an improvement. The growth of the city is 
marred with from traffic congestion and overcrowding which calls for huge 
investments in developing roads, subways, flyovers, etc."*' (Fig. 3.4.3). 
Trade and commerce, however, have grown relatively fast in recent 
years. It is mostly concentrated in George Town area where wholesale trade 
in hardware and electronics as well as perishable goods and the foodgrains is 
conducted. The growth in trade and commerce and its adverse effect on 
George Town calls for an urgent plan for the decongestion of the city. Due 
to pressure on land and over loading of road and drainage services a number 
of activities have shifted to Anna Salai and Egmore.'*^ 
40. Ibid., p. 263. 
41. Ibid., p. 265. 
42. Ibid., p. 267. 
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Part - II 
Chapter-IV 
THERMAL REGIME COMPARISON IN THE 
INDIAN MEGACITIES 
* Thermal Transition profile of Palam and Safdarjung 
(Delhi) 
* Thermal Transition profile of Colaba and Santacruz 
(Mumbai) 
* Thermal Transition Profile of Kolkata and Dum Dum 
(Kolkata) 
* Thermal Transition Profile of Nungambakkam and 
Minambakkam (Chennai) 
Chapter - IV 
THERMAL REGIME COMPARISON IN THE INDIAN 
MEGACITIES 
The intensity of urban heat island has been observed in an equation 
of urban hierarchy and its functional character. The small urban centres of 
100,000 to 200.000 population too have heat islands though of very small 
size and degree. It is generally noted that the rural-urban thermal differential 
goes upto 5°C in the metro cities of nearly 1,000,000 population. The heat 
island differential is recorded upto 8°C in the large metropolises of around 
3,000,000 population. Whereas the megacities record a heat island intensity 
upto 12°C more than their surrounding countryside. However, in the present 
study of megacities with a population exceeding 5,000,000 to 16,000,000 
the mean average annual temperature differential between the two 
meteorological stations of each city was even less than 1°C. This study was 
started with the presumption that as one of the two meteorological stations 
in every city was located in the well builtup nearly central part of the city, 
its temperature would be significantly higher than the other meteorological 
station invariably located at the airport along the periphery of the city. 
The major reason for a highly insignificant temperature differential 
between the two stations of every city could be due to the fact that air port 
meteorological station which was located at the periphery is no longer a 
station on the periphery of the city. The urban expansion and sprawl around 
the airport stations of Delhi, Mumbai, Kolkata and Chennai have been so 
burgeoning and rampant that one can scarcely notice a city periphery. The 
characteristic rural landscape or scenario is much beyond the horizon to be 
noticeable. Hence, the urban heat island in these cities is an intra-urban 
phenomenon rather than a sought-after rural-urban differential. This is the 
major problem in the way of surprisingly very low temperature difference 






















Mean Maximum Annual Temperature, (iii) Mean Minimum Annual 
Temperature. 
Figure 4.1 depicts Mean Average Annual Temperature difference of 
the two meteorological stations of every megacity over a period of 1951 till 
1998. In Delhi the average temperature at Safdarjung station was 25°C. This 
station is nearly in the centre of the city. While at Palam airport station the 
average temperature was 24.91°C. This station was towards the periphery of 
the city some 35 years ago. It is no longer at the city periphery. Similarly, 
in Mumbai the Colaba station has an average annual temperature of 27.48°C 
whereas at Santacruz airport station had 27.03°C. Although the difference is 
small, it appears geographically convincing. Colaba station is on the 
southern promontory of the island. Hence, the marine influences tend to 
stabilize the temperature. The diurnal and the seasonal range of temperature 
is small. Therefore, the temperature is a shade higher. The Santacruz airport 
station is around 35 km north. Towards the north the island is broader. 
Hence, Santacruz station in the middle portion experiences a little 
continentality. Because of continentality the thermal conductivity is higher. 
The days are relatively warmer and the nights are relatively cooler. 
Therefore, the temperature 27.03''C is convincingly lower. At Kolkata the 
average annual temperature differential between the two stations is highest. 
Kolkata meteorological station records 24.61°C while Dum Dum station 
records 26.62°C. Here is the highest difference of 2 . 0 r c between the two 
stations. At Chennai, the average annual temperature difference between the 
two stations is strikingly non-extent. Nungambakkam meteorological station 
recorded an average annual temperature of 28.57°C while Minambakkam 
meteorological station recorded a temperature of 28.58°C. Strangely enough, 
no difference at all. 
Figure 4.2(a) depicts the Mean Maximum Annual Temperature 
difference in the four megacities. It refers to the daytime average 
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Mean Maximum Annual Temperature in the Indian Megacities 
(1951-1998) 
(a) 
Mean Mininnum Annual Temperature in the Indian Megacities 
(1951-1998) 




temperature, [n Delhi the mean maximum temperature at Safdarjung 
meteorological station is Sl.ll'^C as against the Palam where the average 
temperature recorded 31.62°C. Although Safdarjung is much towards the 
centre of the city still, however, the average day time temperature is lower 
than that of Palam station which is towards the periphery. As per the Law of 
Urban Thermal conductivity between the centre and the periphery, there is 
an apparent anomaly in the lower temperature at Safdarjung, despite being 
towards the centre of the city, is justifiable. Safdarjung observatory, towards 
the city centre, does not have a high builtup density. There is a large open 
and green area around this observatory. This local geographical condition 
tends to moderate the temperature at Safdarjung as compared to the Palam 
station. Although Palam station is towards the periphery of the city, but due 
to the lack of moderating greenery and open space around its observatory 
the recorded temperature was justifiably higher than at Safdarjung. 
Similarly in case of Mumbai the average daytime temperature at 
Colaba was 31.31'^ C was lower than that of Santacruz where it was 31.78°C. 
Colaba observatory at sea tends to moderate the daytime temperature. The 
factor of greenery at Colaba around Navy Nagar (the naval area) also tends 
to moderate the daytime temperature. On the other hand Santacruz in the 
north is relatively continental in location. Santacruz despite being located 
towards the periphery has higher daytime temperature. The daytime 
temperature is higher because the law of higher thermal conductivity is 
operative here. Although both stations are in the island of Mumbai, one can 
clearly examine the micro climatic differentials under the influence of their 
varying locations by greenery, distance and continentality. 
In the city of Kolkata the average daytime temperature at Kolakta 
observatory was 26.98°C as against 31.54°C at Dum Dum observatory. The 
average thermal differential between the two stafion is a significant 4.56°C. 
This is the highest difference of any temperature attribute between any two 
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stations. There should be interesting micro environmental variations to 
explain such a significant thermal differential in a small distance of around 
30 km. The lavv/ of higher thermal conductivity is dominantly operative at 
Dum Dum area. In the city of Chennai the average daytime temperature at 
Nungambakkam observatory was 32.62"C as against 32.77"C at 
Minambakkam observatory. There is scarcely any explainable variation of 
temperature at the two stations of Chennai. If any plausible explanation that 
one can tender on such a small variation is that Chennai is the smallest of 
the four megacities under study. Chennai has a population of around 
5,000,000 people whereas the other three megacities have a population 
ranging from 12,000,000 to 16,000,000 people. 
Mean Minimum Annual Temperature difference in the four 
megacities is also depicted in Figure 4.2(b). It refers to the nighttime 
average temperatures. In Delhi the mean minimum temperature at 
Safdarjung meteorological observatory was 18.8°C as against the Palam 
observatory where the average nighttime temperature recorded 18.2°C. Here, 
it is again interesting to analyse that the micro environment of Safdarjung 
towards the Central part of the city is conducive for a shade higher nocturnal 
temperature of 18.8°C due to sluggish thermal conductivity in this area. On 
the contrary, Palam area towards the city periphery has lesser greenery and 
more open space with smaller builtup density to induce higher thermal 
conductivity during the nighttime. Hence, the recorded average nocturnal 
temperature at Palam was lower at IS.l'^C. 
In the city of Mumbai the average nocturnal temperature at Colaba 
meteorological observatory was 23.65°C. This was fairly higher than that of 
Santacruz which was 22.33. Since the Colaba observatory is at the sea there 
is a moderating marine influence to keep the nocturnal temperatures less 
transitory. Hence, the diurnal range of temperature at Colaba is smaller than 
at Santacruz. Santacruz, on the other hand, is relatively continental. 
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Nocturnal thermal conductivity at Santacruz, towards the periphery, is more 
rapid. Hence, the temperature is lower and the nights are cooler. 
In Kollkata city the average nocturnal temperature at Kolkata 
observatory recorded 22.23°C as against 21.7°C at the Dum Dum airport 
observatory. The higher nocturnal temperature at Kolkata observatory 
indicates that the nocturnal thermal conductivity in this inner part of the city 
area is slower. While the lower temperature towards the peripheral station 
suggests a rapid thermal conductivity and a higher diurnal range of 
temperature. 
In the city of Chennai the average nocturnal temperature at 
Nungambakkam observatory was 24.52°C as against 24.39°C at the 
Minambakkam observatory. The spatial nocturnal variation, however, is 
very negligible. There appears to be a relative geographical homogeneity in 
Chennai to explain such a situation. It is interesting to note that all the three 
temperature attributes at Chennai had the smallest and insignificant 
variations between its two stations. This thermal stability is distinctively 
unique at Chennai. 
A keen observation and a close analysis of the Mean Minimum Annual 
Temperature reveals that the nocturnal temperatures are invariably lower at the 
peripheral stations of all the four megacities under study. Further the thermal 
conductivity at the peripheral stations during the nights is rapid to render them 
a shade cooler. The average diurnal range of temperature is invariably higher 
on the peripheral stations as compared to the meteorological stations towards 
the inner part of the city. In Delhi the diurnal range of temperature at Palam the 
outer station is higher 13.42°C as against Safdarjung I2.4rC which is an inner 
station. In Mumbai the diurnal range of temperature at Santacruz the outer 
station is higher 9.45"C as against Colaba 7.66°C which is an inner station. 
Similarly, in Kolkata the diurnal range of temperature at Dum Dum the outer 
stations is higher 9.84°C as against Kolkata 4.75°C which is an inner station. In 
Chennai the average diurnal range of temperature at Minambakkam the outer 
113 
station is 8.38''C as against Nungambakkam 8.1"C which is an station towards 
the inner part of the city. The largest mean annual diurnal range of temperature 
of 13.42"C was understandably recorded at the Palam peripheral station of 
continental Delhi. This is followed by Dum Dum 9.84°C in Kolkata which is 
located more than a hundred kilometer inland. The diurnal range of temperature 
at Santacruz in Mumbai was 9.45''C with the lowest value of 8.38°C at 
Minambakkam in Chennai. 
This chapter attempts a comparative evaluation of the thermal 
regime in the Indian megacities and analyses its changing trends over the 
time. Temperature is one of the most important parameters of the climate 
which is immediately affected by urbanization. One of the obvious effects 
that has been widely reported is the formation of an 'Urban Heat Island', 
which varies in intensity from season to season and from one city to the 
other in accordance with its layout and the infrastructure.' 
•fhe characteristic rise of temperature towards the center of the large 
built-up areas is probably the most publicized aspect of urban climates, 
riicrc is a long research record of the urban heat island phenomenon starting 
with comparative studies of fixed station sites in the nineteenth century. 
Recent researches have focused on aspects of the effect of city size 
on heat-island magnitude. Small cities and even small building complexes 
have been shown to create nocturnal heat islands, and urban-rural 
differences in temperature have been shown to depend strongly on local 
micro-climatic conditions^ such as higher proportion of built-up area, 
greater combustion of fossil fuels, likelihood of higher concentration of 
greenhouse gases, etc.'' 
Linda Futado (1979-80). Spatial & Temporal Variations of temperature in Bombay, 
Unpublished M.Sc. II Dissertation, University of Bombay. 
Keith Smith (1975). Principles of Applied Climatology, London : McGraw Hill Book 
Company Ltd.. pp. 54. 
Berry J.L.B. & Horton E.F. (1974). Urban Environmental Management: Planning for 
Pollution Control, New Jersey : Prentice Hal! Inc.,p. 52. 
Debajit Sarkar (1994). Environmental Effects of Urbanization, Unpublished Ph.D. 
Thesis, University of Bombay, p. 40. 
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Table 4.3 
Comparison of Heat Flux Intensity Among Five Cities * 
Summer/Daytime 
Summer/ Night time 
Winter/ Day time 


























The heat flux intensity is the estimate of the emissivity of land surface temperature 
* http://wwv\.innovationmagazine.coniinnovatioii/volumes/V3n2/free/controversv2. shtml 
Monitoring Urban Heat Environment using Modis data for main cities in East Asia 
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A major breakthrough can be traced to the work of Schmidt (1929)^ 
who pioneered the use of motorized traverses in Vienna as a technique for 
understanding the spatial variations of minimum temperatures within the 
city. Later this method was adopted by Chandler (1960-1961^, in London, 
and new instrumentation is continually being developed to minimize thermal 
interference irom small-scale convection from hot roads or car exhausts 
7 
(Conrads and Van der Hage, 1971)'. The results of such traverses can 
provide a clear indication of the cumulative horizontal influence of towns on 
temperature. 
Although the large city conurbations ensure ample illustration of 
urban heat island phenomenon, many lesser settlements, including small 
villages, show comparable features (Harrison, 1967) . Similar report was 
given for Cornvallis, Oregon by Hutcheon et al. (1967)^ in some cases the 
influence of local factors has also been considered. For example, 
Yudcovitch (1966/67)' has reported how the urban temperature excess at 
Calgary may occasionally be redistributed by Chinook winds and Preston-
Whyte (1970) has shown how the center of the summer daytime heat island 
in Durban, South Africa, is displaced from the Central business district by 
the local sea breeze. 
Cities in sheltered valley locations may well have an unusually high 
frequency of intense heat islands and Garnett (1967)" has documented a 
nocturnal temperature difference of upto 7.8°C between the central core of 
Sheffield and the city margins when the latter were snow-covered during 


















a recognizable relationship between city size, as measured by population, 
and the intensity of the urban heat-island. 
Work in the tropical latitude has been reported by Nieuwolt (1966) 
in Singapore. Myrup (1969)''' applied an energy budget model to the 
problem and concluded that the heat island magnitude were determined by 
reduced evaporation, the increased surface roughness, the thermal properties 
of building and paving materials and the wind speed. 
Later, attention was being paid to the vertical rather than the purely 
horizontal pattern of heat-islands. Such information was made available 
from balloon ascents and helicopter surveys. In a study of three cities in the 
San Francisco Bay area of California, Duckworth and Sandberg (1954)'^ 
measured the vertical temperature gradients in the lowest 305m under 
varying weather conditions during evening surveys and found that the built-
up areas often caused atmospheric instability in otherwise stable air up to 
about three times, the height of the buildings. A similar survey was 
undertaken by Eiornstein (1968)'^ in New York, where a strong heat-island 
was expected because combustion during winter in Manhattan released 250 
per cent more heat than reached the surface from the sun. 
Clarke (1969) used data from motorized traverses, pilot balloons 
and a helicopter to illustrate how the urban boundary layer over Cincinnati 
becomes modified to a progressively greater vertical extent with increasing 
distance downwind. 
In case of India data from motorized traverses were collected and 
used by Padmanabhan (1999)'^ to illustrate the intensity of heat island at 
13. Ibid., p. 57. 
14. Ibid. 
15. Ibid., p. 58. 
16. Ibid. 
17. Ibid. 
18. Padmanabhanmurthy, B. (1999). "Spatial and Temporal Variations of Radiation, 
Energy and Moisture Budgets in the Boundary Layer at Delhi, Final Report, sponsored 
by Ministry of Science & Technology, Government of India. 
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Delhi while fixed station sites were used by Daniels and Krishnamurthy 
(1973)'^ Futado (1979-80)^° and Sarkar (1994)^' for Mumbai. 
For the purpose of the present study an analysis is based on mean 
monthly maximum and minimum temperature and also mean annual data for 
the two observatories each located in the four megacities. They are located 
at Safdarjung and Palam for Delhi, Colaba and Santacruz for Mumbai, 
Kolkata and Dum Dum for Kolkata and Minambakham and Nungambahkam 
for Chennai, Jayanthi for Chennai. 
The data available are for different periods for the different cities. 
For Delhi it was available from 1957-2000, for Mumbai 1951-98, for 
Kolkata also 1951-98 and for Chennai 1965-98. A statistical regression 
technique was employed to determine the temperature trends. 
Spatial Variations 
India has a monsoon type of climate and hence the rhythm of 
seasons is governed by the monsoons, (i) The cold weather season extends 
from December to February, (ii) The hot weather season from March to 
May. (iii) The period of advancing monsoon which is the hot humid rainy 
season from June to September, (iv) The retreating monsoon period during 
October and November which is the transition from summer to the winters. 
The rhythm of seasons is accompanied with its characteristic 
temperature regime, with the maximum temperatures before the solstices 
and a secondary maximum after the rains. 
19. Loc. cit. 
20. Loc. cit. 
21. Loc. cit. 
22 . Jayanthi, N. (1988). Heat Island Over Madras City and Neighbourhood, Prepublished 
Scientific Report, Regional Meteorological Centre, Madras. 
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Mean Monthly Minimum Temperature Transition at Delhi 
(1957-2000) 




Thermal Transition Profile of Palam and Safdarjung (Delhi) 
(i) Palam 
Mean Monthly Maximum Temperature 
The mean monthly maximum temperature range for Palam is 19.5°C 
with 40.4°C recorded in May and 20.9°C for January. The mean monthly 
maximum temperatures pertain to the day time temperature. The range for 
the winter season of December to February on an average was 3°C which is 
smaller as compared to the 10A°C average range for summer March to May 
(Table 4.5). This shows that the day temperature regime in the winter 
months is intrinsically more stable than the summer months. The rate of 
change of mean maximum monthly temperatures for winter months are 
December 0.327"C, January -0.095''C and February -1.026°C is marginally 
higher than for the summer months of March -1.174°C, April 0.159°C and 
May 0.211°C (Table 4.5.1, Fig. 4.3.1). The average winter days appeared 
0.98 times warmer than the summer days. 
Table: 4.5 
















































































































































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Mean Monthly Minimum Temperature 
The mean monthly minimum temperature range is 21°C for Palam 
with a maximum of 27.6°C recorded during June and 6.64°C recorded during 
January (Table 4.5). The mean monthly minimum temperature pertain to 
nocturnal temperatures. The range for the winter months of December to 
February was at an average of 1.33°C as against 10.9°C for the summer 
months of March till May (Table 4.5). Thus the winter nights appear more 
stable than the summer nights. The regression trends for December 2.648°C, 
January 2.322°C and February 2.438''C is much higher than the summer 
transitions of March L S T T C , April 2.043°C, May 2.863°C (Table 4.5.1, Fig. 
4.3.2). The winter nocturnal warming transition were not only closely 
resembling with each other, they were on an average 1.09 times higher than 
the summer nocturnal warming. In comparing the 1.09 times winter 
nocturnal warming transition at the mean minimum monthly temperatures 
with that of the 0.98 times winter day temperatures transition, at mean 
monthly maximum temperatures, the trend is a fairly significant indicator of 
high winter nocturnal warming than that of the winter days. 
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Temperature Profile of Safdarjung Station (Delhi) 
Mean Monthly Maximum Temperature 
The mean monthly maximum temperature for Safdarjung is 18.5°C 
with the maximum temperature of 39.38°C recorded in May and 20.9''C in 
January (Table 4.5). Mean monthly maximum temperature range for the 
winter months of December to February on an average was 2.72°C which is 
less than that of 9.54°C average range for summer March till May (Table 
4.5). The difference is substantial the winter day temperature regime is more 
stable than the summer day temperatures. The regression trend for the winter 
months of December 0.211°C, January -0.636°C and February -0.756°C is 
less than the summer months of March -0.808°C, April 0.025 and May 
0.602°C (Table 4.5.1, Fig. 4.3.1). The average summer day transition is 
0.152 times higher than that of the winter day warming. 
Mean Monthly Minimum Temperatures 
The mean monthly minimum temperature for Safdarjung is 20.5°C 
with the maximum temperature of 27.9°C being recorded in June and the 
minimum temperature of 7.39''C recorded in January (Table 4.5). Thus the 
trend has been the same for both the stations and Safdarjung was 1°C cooler 
during the daytime compared to Palam. Mean monthly minimum 
temperature range for December to February on an average was 2.7°C as 
against 10.4°C for summer from March till May. Thus, the winter nocturnal 
temperature regime intrinsically appears more stable than the summers. The 
regression trends for December -0.077°C, January 0.645°C, and February 
0.481°C which is much higher than the summer trends of March -O-HTC, 
April -0.761°C and May 0.554°C (Table 4.5.1, Fig. 4.3.2). The winter 
nocturnal warming was 3.06 times than that of the summer nocturnal 
warming. 
Comparing the 0.152 times summer day warming at the mean 





































warming at mean minimum monthly temperature, clearly indicates a higher 
winter nocturnal warming than the summer season which has demonstrated a 
positive transition and therefore an increase in winter nocturnal temperature 
profile. The transition trends for mean monthly average temperatures more 
or less endorsed the trends of mean monthly maximum and mean monthly 
minimum temperatures. In case of Palam the average winter temperature 
transition was 1.11 times higher than that of summer months, unlike for 
Safdargunj there was a 0.94 times warming during winters than summers. 
The difference between the two stations being that of .5°C. This 
show that the nocturnal seasonal/monthly range of temperature at Delhi is 
greater than the daytime temperature range. 
Annual Temperatures 
The average annual temperature for Palam showed a transition of 
1.019°C over a period of 44 years whereas Safdarganj showed a -0.021°C 
(Fig.4.3.3) transition during the corresponding period (Table 4.5.1). 
Thus, it is evident that Palam is considerably warmer than 
Safdarjung. This could be attributed to its location to the west end of Delhi 
with a very busy transport corridor, with barren rocky outcrops of the 
Aravallis exposed by the various mining and quarrying activities. Being 
close to the encroaching effects of the Thar desert and scanty vegetation 
comprising a base 1.76 sq.km. of forest cover. Conversely, Safdarjung is 
located at the greenest section of the city with 27.88 percent of its area 
under forest cover. Planting the shade trees reduces the amount of heat 
absorbed by buildings by directly shielding them from the sun's rays. In 
addition trees, shrubs and other plants help reduce ambient air temperatures 
through a process known as 'evapotranspiration'.^"* 
23. From Green to Greener and better. The Hindu, 27.4.03. 
24. Quattrochi et al. (1999), The Urban heat Island Phenomenon and Potential Mitigation 
Strategies, www.nasa.gov/newsinfo/urban.html 
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Thus l.he landuse at Palam airport can explain the heat island effect 
being detected at that point, with paved roads and buildings are fully 
exposed to solar radiation, unshaded parking lots and exhausts from 
automobiles and busy aviation schedule. On clear calm evenings the heat 
island develops over the airport, fed by the heat stored in the daytime under 
the asphalt parking space, the building structure, runway and the barren 
outcrops. This slows down the radiative cooling process as compared to 
grass and vegetation and the long wave radiation goes on till late in the night 
and the plenty of aerosols present in the air as well as automobile and 
aviation exhausts act as a veritable heat trap, hence increased day and 
nocturnal warming as compared to Safdarjung. 
Thermal Transition Profile of Colaba and Santacruz (Mumbai) 
(iii) Colaba 
Mean Monthly Maximum Temperatures 
Table: 4.6 








































































































So urce: Computed from (he Meteorological Data obtained from India Meteorological Department, Pune 
The mean monthly maximum temperature at Colaba is 3.92°C with 
the maximum of 33.5°C being recorded in May and a minimum of 29.58°C 
being recorded during August (Table 4.6) Mean monthly maximum 
temperature range for the winter months of December to February on an 
127 
average was 1.8°C which is marginally lower than 2.28°C average range for 
the peak summer season from March to till May (Table 4.6). Hence, it 
shows that the day temperature regime in the winter months is intrinsically 
more stable against the summer regime. Mean summer temperature level 
appears to be raore varying as a consequence. The regression trends of mean 
monthly maximum temperatures for winter months December 0.728°C, 
January 0.531"C and February 0.037°C is higher than for the summer 
months of March -0.122°C, April -0.004°C, May 0.596°C (Table 4.6.1, Fig. 
4.4.1). The average winter day warming is 2.75 times higher than the 








































































































Source: Computed from rhc Meteorological Data obtained from India IVIeteorological Department, Pune 
Mean Monthly Minimum Temperatures 
The mean monthly minimum temperature range is 7.96°C at Colaba 
with a maximum of 26.98°C recorded during May and a minimum of 
19.29°C during January (Table 4.6). Mean monthly minimum temperature 
range for December to February was at an average of 1.6°C against 4.32°C 
for March till May (Table 4.6). There happens to be a substantial difference 
between the two seasons, yet winters are intrinsically more stable than the 
summers. The regression trends for December -0.348°C, January -0.188°C 
and February -0 .07rc are lower than those for March -0.329°C, April 
128 
-0.324''C, May 0.159°C (Table 4.6.1, Fig. 4.4.2). The nocturnal summer 
warming is 0.81 times higher than the winter transitions. A comparison 
between the 2.75 times winter day warming with the 0.81 times summer 
nocturnal warming at the mean monthly maximum and mean monthly 
minimum temperatures respectively shows a higher winter day temperature 
transition, hence warmer days cooler nights as compared to the summers. 
(iv) Santacruz 
Mean Monthly Maximum Temperature 
With reference to table 4.6 it is observed that the mean monthly 
maximum temperature for Santacruz is relatively high with regard to Colaba 
in all the months except during May, August and September. Mean monthly 
maximum temperature range for the winter months of December to February 
on an average was 1.3°C against 0.6°C range for the summer months of 
March till May (Table 4.6). This again reveals that the day temperature 
regime in the summer months is intrinsically more stable against the winter. 
The regression trends of mean maximum monthly temperatures for winter 
months December 0.249°C, January 0.564°C and February 0.629°C were 
however, much higher than for the summer trends of March -0.127°C, April 
-0.244°C, May 0.512°C (Table 4.6.1, Fig. 4.4.1). The average winter day 
transition was 10.21 times more than the summer transition. 
Mean Monthly Minimum Temperature 
The mean monthly minimum temperature for Santacruz is 9.7°C 
with May recording a maximum temperature of 26.4°C and January 
recording 16.7"C (Table 4.6). Mean monthly minimum temperature range 
for December to February at an average of 1.6''C against 4.3'^ C for March till 
May (Table 4.6) was lower than the summer. In this case the winter appears 
more stable. The regression trends for December 1.264^0, January 1.527°C 
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April 0.931°C, May 1.128°C (Table 4.6.1, Fig. 4.4.2). The nocturnal winter 
warming is 1.23 times than that of summer nocturnal warming. 
Comparing the 10.21 times winter day warming at the mean 
maximum monlhly temperatures with 1.23 times winter nocturnal warming 
at mean monthly minimum temperatures, indicates a much higher warming 
trend of winter days than the winter nights. The transition trends for mean 
monthly average temperatures more or less endorsed the trends of the mean 
monthly maximum and mean monthly minimum temperatures. In case of 
Colaba the average warming for the winter months was 20.4 times that of 
the summer and Santacruz demonstrates an average winter warming of 1.91 
times that of the summers. The average temperature differentials 
demonstrate very clearly that the nocturnal seasonal and monthly range of 
temperature at Mumbai is greater than its daytime counterpart. 
Annual Temperature 
The average annual temperature for Santacruz showed a transition 
of 0.893"C over a 48 years period whereas Colaba showed a transition of 
0.267°C over the corresponding period (Table 4.6.1, Fig. 4.4.3). Thus, it can 
be inferred from the above trend that Santacruz is warmer compared to 
Colaba. Thus these annual trends very well support the theory of the 
formation of urban heat island for Mumbai, which in this case is detected at 
Santacruz region. Now, considering the location of the two sites Colaba is 
favourably located at the extreme south end of the narrow ridge of land 
extending about 5 kms to the southwest of the fort of Bombay and 
separating the harbour from the Back Bay. This insular position is constantly 
under the diluting effects of the sea breeze from all sides which are effective 
in flushing out of any heat plume that might have formed. Contrary to this 
the location of Santacruz is rather continental with traffic corridors on all 
sides and dense habitation. As a result there is little chance of any 
ameliorating effect of the sea breeze reaching to that distance. As a result 
Sanctacruz is the hot spot for Mumbai. 
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Mean Monthly Maximum Temperature Transition at Kolkata 
(1951-1998) 
Kolkata Dum Dum 
Fig: 4.5.1 
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Thermal Transition Profile of Kolkata and Dum Dum (Kolkata) 
(v) Kolkata 
Table: 4.7 








































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Mean Monthly Maximum Temperatures 
The mean monthly maximum temperature range at Kolkata is 
I0,9r'C and the maximum of 31.03°C was recorded in May with the least of 
2.12°C being that recorded in January. Mean monthly maximum temperature 
range for the winter months of December to February on an average was 
3.r'C as against 3.2"C for summer. Thus, it appears that both the seasons are 
having similar characteristics. The regression trends of mean monthly 
maximum temperatures were December -0.488°C, January -1.402''C and 
February -1.447"C which is, however, larger than the summer transitions of 
March -1.441°C, April - 2 . 2 8 9 ^ May -1.419°C (Table 4.7.1, Fig. 4.5.1). 
As a result the average winter day warming was 0.65 times that of the 










































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Mean Monthly Minimum Temperatures 
The mean monthly minimum temperature range at Kolkata is 
12.63°C with a maximum of 26.61°C being recorded in June and 13.98°C 
being that of January (Table 4.7). Mean monthly minimum temperature 
range for December to February was at an average of 3.2°C as against 4.5°C 
for the summer months of March till May (Table 4.7). Thus, the winters 
appear intrinsically more stable than the summer months at this station. The 
regression trends for December 0.823°C, January -0.099°C and February 
0.766°C is much larger than the summer transitions of March 0.672, April 
-0.348°C, May -0.507°C (Table 4.7.1, Fig. 4.5.2). Thus, the winter 
nocturnal warming was 8.12 times that of the summer nocturnal warming on 
an average. 
Comparing the 8.12 times winter nocturnal warming with the 0.65 
times winter day warming at the mean monthly minimum temperature and 
mean monthly maximum temperature respectively, one can conclude that 
winter nights are warmer in the city of Kolkata. 
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(vi) Dum Dum 
Mean Maximum Monthly Temperatures 
At Dum Dum mean monthly maximum temperature range is 9.82°C 
with the maximum of 35.78°C being recorded for April and the minimum of 
25.96°C recorded in January (Table 4.7). Mean monthly maximum 
temperature range for the winter months of December to February on an 
average was 3.2°C as against 2.3°C for the summer months of March till 
May (Table 4.7). As a result the summers appear intrinsically more stable 
than that of the winters. The regression trends of mean monthly maximum 
temperatures for the winter months of December 0.404°C, January -1.053°C 
and February -1.819°C are higher compared to the summer trends of March 
-1.022, April -1.184°C, May -0.662°C (Table 4.7.1, Fig. 4.5.1). As a result 
the winters on an average are 0.86 times warmer than the summer days. 
Mean Monthly Minimum Temperatures 
Dum Dum has a range of 13.4°C with a maximum of 26.2°C 
recorded in June and 12.8°C being that of January (Table 4.7). The mean 
monthly minimum temperature range for December to February was 3.1°C 
which was less as compared to 5.0°C average range for the summer months 
from March till May (Table 4.7). The regression trends of December 
0.709°C, January 0.559°C and February 1.019''C is much larger than the 
summer trend of March 0.864°C, April 0.127'C, May -0.724°C (Table 














































Comparing the 0.86 times winter day warming at mean maximum 
monthly temperature with that of 8.5 times winter nocturnal, warming at 
mean monthly minimum temperatures, bears evidence to a high nocturnal 
winter warming than that of summers. The transition trends of mean 
monthly average temperatures also to some extent support the above trends. 
In case of Kolkata the average warming for the winter months was 0.43 
times that of the summers and Dum Dum demonstrated a 0.07 times average 
winter warming than that of summers. Thus, there is enough evidence to 
ensure that winters are warmer at the two stations than summers. It is thus 
evident that the nocturnal seasonal and monthly range of temperature at 
Kolkata is also greater than the day time temperature range. 
Annual Temperatures 
Besides, the average annual temperature for Kolkata showed a 
transition of-O-OVS^C over the 48 years period and Dum Dum demonstrated 
a transition of 0.244°C over the corresponding period (Table 4.7.1, Fig. 
4.5.3). Likewise, it can be inferred that Dum Dum has a higher warming 
trend than Kolkata, which actually is showing a decline. Such a behaviour 
can be attributed to the fact, that although both the stations are set in a 
grassy plain, yet Kolkata is cooler owing to its closeness to the influence of 
the river. The observatory in the city is only 1.5 kms to the east of the river 
Hooghly which has an ameliorating effect on the city. The city streets are set 
perpendicular to the flow of the river, thus channel effect draws in gusts of 
cool air into the city which is effective in diluting the heat island, contrary to 
this Dum Dum is far inland set on a saline patch and has a busy transport 
corridor. 
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Mean Monthly Maximum Temperature Transition at Chennai 
(1965-1998) 
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Fig: 4.6.1 























































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Mean Monthly Maximum Temperatures 
The mean monthly maximum temperature range for 
Nungambakkam is 8.5°C with a maximum temperature of 36.83°C in June 
and a minimum temperature of 28.3°C for December (Table 4.8). Mean 
monthly maximum temperature range for the winter months of December to 
February on an average was 2.rC which is far smaller than 4.4°C for 
summers March till May (Table 4.8). Thus it indicates that winters are 
intrinsically more stable than the summer. The regression trends of mean 
maximum monthly temperatures for winter December 0.941°C, January 
1.211°C and February 1,036°C is, however, larger than for the summer 
months of March 1.280°C, April 1.006°C, May 0.087°C (Table 4.8.1, Fig. 
4.6.1). Thus, the average winter day warming was 1.44 times more than that 
of the summer days. 
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Table: 4.8.1 












































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Mean Monthly Minimum Temperatures 
The mean monthly minimum temperature range at Nungambakkam 
is 6.9°C with the maximum of 27.7°C being recorded in May and a 
minimum of 2.5*^ 0 recorded in January (Table 4.8). Mean monthly 
minimum temperature range for December to February on an average was 
0.9°C for winter against 4.3°C for summers. Thus, winters appear 
intrinsically more stable than the summers. The regression trends of 
December 0.076°C, January 0.756°C and February 1.085°C were higher than 
those of summers March 1.046, April 1.0002°C, May 0.709^ 0^ (Table 4.8.1, 
Fig. 4.6.2). The winter nocturnal warming transitions were 1.43 times less 
that of summer nocturnal transitions. 
Comparing the 1.44 times winter day warming at mean monthly 
maximum temperature with 1.43 times summer nocturnal warming at mean 
monthly minimum temperatures reveals a rather warm winter day and cooler 
nocturnal conditions existing at Chennai (Nungambakkam). The days are 
warmer than the nights. 
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(viii) Minambakkam 
Mean Monthly Maximum Temperatures 
At Minambakkam the range is 9.5°C with the maximum temperature 
of 37.94°C being recorded in May and a minimum of 28.41°C being 
recorded in December (Table 4.8). Mean monthly maximum temperatures 
range for the winter months of December to February on an average was 
2.06°C which is smaller as against 4.6°C for the summer months from March 
till May (Table 4.8). Thus, winters appear a shade more stable than the 
summers. The regression trends of mean monthly maximum temperatures 
for winter December 0.881"C, January 1.135°C and February 0.709°C is, 
however, larger than the summer transitions of March 0.607°C, April 
0.564°C, May -0.089°C (Table 4.8.1, Fig. 4.6.1). The average winter day 
transition was 2.52 times than that of the summer days. 
Mean Monthly Minimum Temperatures 
The mean monthly minimum temperature range at Minambakkam is 
7.16°C with May recording 27.7°C and January 20.54°C. Mean monthly 
minimum temperature range for December to February on an average was 
0.8°C against 4.2°C for March till May (Table 4.8), as a result winters are 
more stable than summers. The regression trends for mean minimum 
monthly temperatures for winter December 0.152°C, January 0.739°C and 
February 0.828*^ 0 are much larger than summers March 0.386°C, April 
0.211°C, May 0.059°C (Table 4.8.1, Fig. 4.6.2). Thus, the winter nocturnal 
warming on an average was 2.6 times higher than the summer nocturnal 
warming. 
Comparing the 2.5 times winter day warming with that of 2.6 times 
winter nocturnal warming it is evident that winters are warmer both by the 
day and night. The transition trends for mean monthly average temperatures 
more or less endorsed the trends of the mean monthly maximum and mean 
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winter warming was 2.5 times than that of the summer months but for 
Nungambakkam there was a 1.1 times warming of winter months than that 
of summers. It is interesting to note that the nocturnal seasonal and monthly 
range of temperature at Chennai alone is smaller than the mean monthly day 
time temperature range. 
Annual Temperatures 
The average annual temperature for Nungambakkam showed a 
transition of 0.729°C over a 34 year period whereas Minambakkam showed 
a transition of 0.471°C over the corresponding period (Table 4.8.1, Fig. 
4.6.3). Thus, it can be drawn from the above trend that Nungambakkam is 
considerably warmer than Minambakkam. 
The difference can be attributed to the landuse pattern as well as 
elevation of the two places as Nungambakkam is only 6 metres above mean 
sea level, while Minambakkam is 16 metres above mean sea level, with 
good vegetation to shade and cool. 
Keeping the known understanding of the heat island in view 
Chennai with its two stations has portrayed the best estimates, with the mean 
minimum temperatures endorsing reliable trend applicable for the formation 
of heat island. Next in line is Mumbai, followed by Kolkata and finally with 
the least reliability at Delhi. The data reliability at Chennai may be higher 
owing to the work culture and sincerity of the meteorological staff, whereas 
at Delhi the trend does not conform to the studies of other places owing to 
the laxity and inefficiency on the part of the meteorological staff in this part 
of the country. Of the four megacities under study the day time monthly 
temperature range is higher only in Chennai as compared to respective 
nocturnal temperature change. Moreover, Chennai maintains the oldest 
meteorological records as compared to other mega cities in India. 
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Chapter-V 
RAINFALL VARIABILITY, CHANGES AND 
URBAN HEAT ISLAND 
* Monsoon Behaviour and Rainfall Variability at Indian 
Metropolises 
* Rainfall Trends at Palam and Safdarjung (Delhi) 
* Rainfall Trends at Colaba and Santacruz (Mumbai) 
* Rainfall Trends at Kolkata and Dum Dum (Kolkata) 
* Rainfall Trends at Nungambakkam and Minambakkam 
(Chennai) 
Chapter -V 
RAINFALL VARIABILITY, CHANGES AND URBAN HEAT 
ISLAND 
There are scientific evidences that a city also influences the 
occurrence and amount of precipitation in and around its vicinity. For 
several reasons an urban complex might be expected to increase 
precipitation. Combustion sources add to the amount of water vapour in the 
atmosphere, higher temperatures intensify thermal convection, greater 
surface roughness increases mechanical turbulence and the urban 
atmosphere contains greater concentrations of condensation and ice nuclei. 
Since no continuous, quantitative measurements of these parameters have 
been made in conjunction with the urban precipitation studies, the relative 
significance of these factors is not easy to establish.' Yet, new researches by 
NASA suggests that the "urban heat islands" of sprawling metropolises can 
actually create weather, churning out thunderstorms that dump rain hundreds 
of kilometers away. The example of Atlanta was suggested, a sprawling 
metro area increasingly choked by traffic and smog, besides it has few 
natural boundaries to contain its sprawl. 
Professor C.P. Lo of University of Georgia opined that the heat 
island is getting bigger and is causing changes in the climate all over the 
region, and Atlanta happens to be the worst case scenario. He cites the 
reason that, major cities soak up the heat all through the day in asphalt, 
concrete and buildings. When the sun sets, the cities give off heat in a 
column of low pressure. The low pressure sucks in cooler air and the 
collision creates clouds and thunderstorms. Scientists are certain that the 
storms are manmade because they occur at different times and on different 
days from naturally occurring summer storms, which can happen just about 
anywhere as the daytime c.ools. 
Berry and Horton (1974), Urban Environmental Management : Planning for Pollution 
Control, Prentice Hall, London (58-59). 
A major contributing factor to this trend is that the growth activities 
recklessly chop down trees to make room for suburbs. Besides the much 
traditional pollution fighting stand such as mass transit and urban 
revitalization, "cool community" planning is essential. Cities have been 
urged to plant trees in strategic locations. The scientists also suggested that 
concrete while more expensive, absorbs much less heat than asphalt. 
Monsoon Behaviour and Rainfall Variability at Indian Metropolises 
India receives its rainfall from the monsoon. The general date of 
onset of the monsoon in main land India is May 27 and rainfall received 
prior to that is not considered to be part of the monsoon rainfall, by the 
Indian Meteorological Department (Rao, 1976). Since the establishment of 
the monsoon current is associated with various factors such as northward 
movement of the Intertropical Convergence Zone (ITCZ), the megacities 
come under its influence only after June lO"^ . The duration of the monsoon 
rains varies over the country, generally it is shorter in North India and 
longer in the increasingly peninsular southern part of the country. 
P.K.Das opines that, the monsoon is a 120 day^ phenomenon 
beginning in June and ending in September. The monsoon starts with 
intermittent or light rain as the atmosphere changes from a state of extreme 
heat to one of higher humidity (Das 1987).'' On the other hand, as the 
monsoon current withdraws in October it is associated with less and 
intermittent rainfall.^ Amongst the Megacities under study Kolkata and 
Mumbai get a fair amount of rainfall from the advancing south west 
monsoon, the former from the Bay of Bengal branch while the Arabian sea 
branch for the latter. It reaches Delhi as late as the first week of July and 
2. McClan E. (2000): Rain, Rain comes again thanks to heat islands, Times of India, 14th 
July. 
3. Rao, Y.P. (1976) : "South West Monsoon Meteorological Monograph : Synoptic 
Meteorology", Indian Meteorological Department, New Delhi. 
4. P.K. Das (1987): "The Monsoons", New Delhi National Book Trust. 
5. Debajit Sarkar (1994) Ecological Issues in Megacities. A study of Bombay, Department 
of Geography, University of Bombay, unpublished Ph.D. thesis (pp. 38). 
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also withdraws the earliest. Chennai receives its share of rains from the 
retreating monsoons during October and November. 
Variability of Annual Rainfall 
A characteristic feature of the monsoon rainfall is its variability 
from year to year. The actual rainfall of a place in a year may deviate from 
its mean rainfall by 20 to 50 per cent. 
The variability of annual rainfall, may be computed with the help of 
the following formula : 
Rainfall variability = C.V. 
C.V.== Co-efficient of variability 












The values thus derived are called coefficients of variation. They 
indicate the amount of fluctuations recorded by rainfall over a long period of 
time from the mean values. The co-efficient of variation of annual rainfall in 
India generally ranges between 15 and 30 percent. Among all climatic 
elements the fluctuations of annual total rainfall show the greatest 
departures from the mean, which must have a reflex action to a marked 
degree upon the general condition of the atmosphere, determining the 
climate of any particular year. This mean may also be referred to as normal 
rainfall. The average rainfall for the number of years under study has been 
termed as normal rainfall. A positive departure of the years from normal has 
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been termed as the above normal rainfall years, and those experiencing a 
negative have been termed as below normal rainfall years. 
In this chapter the analysis of temporal trends of rainfall in the four 
megacities of Delhi, Mumbai, Kolkata and Chennai are presented based on 
data for two stations in each city. As the annual distribution of rainfall is 
highly variable, regression analysis could not be performed to examine the 
reasonable trends of change. Therefore, random analysis has been done to 
find out the changing trends, if any. 
I. Rainfall Trends at Palam and Safdarjung (Delhi) 
Climate of Delhi for most part of the year is dry and receives 
rainfall by the end of June or first week of July. July and August happen to 
be the rainiest months and by the end of September it is almost over. 
The average annual rainfall over Delhi is 660.1 mm. The rainfall in 
the district increases from the south-west to the north-east. About 74 per 
cent of the annual rainfall is received during the monsoon months. The rest 
of the annual is received as winter rains and as thunderstorm rains in the pre 
and post-monsoon months. The variation from year to year is large. 
Mean Annual Rainfall 
Mean annual rainfall for the period 1957-98 was observed for the 
two meteorological stations at Delhi. Palam recorded an annual average of 
781.9 mm while Safdarjung recorded 787.2 mm for the corresponding 
period. For a random analysis the 42 years of recorded rainfall was divided 
into three equal parts of 14 years each. 
During the first fourteen years between 1957-70 the mean annual 
rainfall for Palam was 797.3 mm while Safdarjung recorded 795.9 mm for 
the corresponding years. During the period 1971-84 Palam recorded 822.5 
mm while Safdarjung showed 825.1 mm and finally during 1985-98 both 
Palam and Safdarjung recorded a decline of annual average rainfall to 721.4 
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mm and 740.4 mm respectively. The decline of rainfall at Palam station is 
alarmingly high, recording a decrease of 101.1 mm in a span of just 14 
years. 
This change did not conform with each other while there was an 
increase in the number of years recording below normal rainfall from 7 
during 1957-70 to 9 during 1971-84 and decreased to 8 years during 1985-
98 for Palam. While Safdarjung during the same interval decreased from 8 
below normal years for 1957-70 to 7 years for 1971-84 to 5 years between 
1985-98 (Tables 5.1 & 5.2). 
(i) Palam (1957-98) : 
Mean Rainfall (mm) 
1957-1998 
BNY 
Mean Rainfall (mm) 
1957-1970 
BNY 
Mean Rainfall (mm) 
1971-1984 
BNY 



























































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
June : The general date of onset of the monsoon rains is in the last week of 
June normally by 27 June and by the first week of July it is generally 
established over Delhi. Rainfall is characteristically intermittent and varies 
considerably from year to year. The average rainfall in this month was 54.5 
mm. The rainfall variations were high during the 42 years under 





































The rainfall of 24 years i.e. 57.1 percent was below average while 18 years 
i.e. 42.85 percent received above average rainfall. 
July : There is a vast difference in the average rainfall of July as compared 
to that of June. It had increased from 54.5 mm in June to 211.3 mm in July. 
Variations in rainfall were very high as the lowest recorded rainfall was 7.8 
mm in 1986 and a highest of 605.1 mm during 1976. During the 42 years of 
recorded rainfall 23 years i.e. 55 per cent were below normal while 19 years 
i.e. 45 percent were above normal. 
August: The average rainfall increased by 38.8 mm from July to 250.1 mm. 
August being the rainiest month for Delhi yet there are wide fluctuations 
between 32.6 mm in 1979 to 540.7 mm in 1967. Of the 42 years under study 
22 years were below average while 20 years were above average. 
September : The records for September are rather amazing with a low of 
0.2 mm in 1968 to a high of 677.8 mm for 1992 September, the month of 
retreating monsoon has shown the highest variability. The rainfall records 
for 26 years were below average and 16 years were above normal rainfall 
with the average rainfall being, 136.7 mm. 
On an average considering the annual average rainfall between 1957 
and 1998 it may be concluded that 11.9 percent of the years experienced 
extreme variation in rainfall. About 35.71 percent experienced moderate 
rainfall, whereas 52.39 per cent years experienced normal rainfall. 
Incidently the variation though highly conspicuous, between the base year. 
1957 with annual rainfall of 732.5 mm and 1998 with an annual rainfall of 
652.4 mm has demonstrated a strong declining trend (Table 5.1, Fig. 5.1). 
(ii) Safdarjung (1957-98): 
June : The average rainfall in this month was 69.5 mm. The rainfall 
variations were high with a low of 3.0 mm in 1965 and a high of 202.6 mm 
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in 1981. Of the recorded 42 years 22 years i.e. 52 per cent were below 
average and 20 years were above it. 
Table: 5.2 
Random Analysis of Rainfall Data for Safdar 


































































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
July : Here again, there is a vast difference in the average rainfall as 
compared to that of June. It had increased from 69.5 mm to 220.5 mm. 
Variations in rainfall were very high with a low of 35.9 mm in 1989 to a 
high of 538.2 mm in 1964. Of the 42 years 24 years recorded below normal 
rainfall years and 18 years recorded above normal rainfall. Nearly 57 
percent years showed below normal rainfall in July. 
August: The average rainfall increased by 25.4 mm from July to 245.9 mm. 
Being the rainiest month yet the fluctuations are wide ranging with a high of 
583.3 mm in 1961 and a low of 55.5 mm in 1979. Of the 42 recorded years 
24 years recorded a below average rainfall while 18 years recorded an above 
average rainfall. Nearly 57 per cent years showed below normal rainfall in 
August also. 
September : The final month of any monsoonal rainfall at Delhi has 
recorded very high fluctuations, with a low of 0.6 mm in 1968 to a high of 
152 
288.7 mm in 1958. Fifty percent of the years recorded a below average 
rainfall while another 21 years recorded an above average rainfall. The 
average rainfall for the month decreased drastically to 130.0 mm a shift of 
115.1 mm from that of the previous month. 
Considering, the annual average rainfall between 1957 and 1998 
there has not been much of a change. Though compared to Palam, 
Safdarjung demonstrates a slight increase in rainfall in the same period. A 
808.4 mm of rainfall was recorded in 1957 and 927.3 mm for 1998. 
Considering the annual rainfall for all the years from 1957 to 1998, 7.140 
percent of years experienced extreme variation in rainfall. Another 26.19 
percent experienced moderate rainfall variation, while 66.67 per cent 
experienced a normal amount of rainfall (Table 5.2, Fig. 5.2). 
Trends at both the stations show almost similar characteristics, with 
the annual average showing unfavourable rainfall conditions. During the 
rainy season of June, July, August and September the total rainfall showed a 
close relationship while the number of below normal years showed a sharp 
increase during the dry months of April, May and December, for both the 
stations. 
A representation of the annual rainfall effectiveness at the two 
stations as seen from the (Fig. 5.1), it sharply demonstrated that during 1992 
the annual rainfall had peaked to 1335.1 mm at Palam which was 70.75 per 
cent that of the normal rainfall. Whereas earlier in 1986 the rainfall had 
dipped to 315.4 mm only which was 59.66 per cent of the average annual 
rainfall. Similarly, for Safdarjung (Fig. 5.2) 1964 demonstrates a peak of 
1230.1 mm of annual rainfall which was 56.26 per cent above normal 
rainfall and the minimum on record was 335.6 mm in 1987 which was 57.36 
percent below normal rainfall. 
Considering the net performance of the monsoons at the two 
stations, 23 years at Palam were below normal rainfall years with a 54.76 
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per cent deficiency as against 20 below normal rainfall years for Safdarjung 
with 47.6 per cent deficiency. Thus with an efficiency of 52.38 per cent for 
Safdarjung as against 45.23 per cent for Palam, Safdarjung has better 
rainfall regime than Palam. The rainfall variability for Safdarjung was 42.31 
percent whereas Palam for 45.8 per cent as against an overall variability of 
44 per cent for Delhi. 
This indicates that Delhi falls in the dry, semi-arid zone. Mean 
monthly rainfall for the two stations showed slight shifts, although they 
were more or less the same. 
11. Rainfall Trends at Colaba and Santacruz (Mumbai) 
Mumbai is located on the west coast of the country, on the 
windward side of the western ghats and receives a fairly large amount of 
rainfall during the monsoons. Rainfall registered at two stations in Bombay 
are often found to vary considerably. The vicinity of small hills to the north 
of the island, especially the high hill of Trombay, must affect to no slight 
extent the amount of precipitation. On an average it is somewhat greater in 
the north-east part of the island than at Colaba in the south. In almost all 
years the real phenomenon is irregular and made up of periods of alternate 
heavy and light falls interspersed with days of no rain whatever.^ 
Mean Annual Rainfall 
Mean annual rainfall for the period 1951-98 was recorded for the 
two stations at Mumbai. Colaba recorded an annual average rainfall of 
2186.3 mm, whereas Santacruz recorded 2316.7 mm for the same period. 
For the sake of random analysis the 48 years was divided into three parts of 
sixteen years each. An overall estimation of the graphs for all the cities 
reveal that the peaks of above normal rainfall are more and higher as against 
the troughs of below normal rainfall years. Hence, the efficiency peaks are 
taller than the deficiency troughs. 
6. The Gazetter of Bombay City and Island (1909), The Times Press: Bombay, pp. 88-89. 
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In the first sixteen years between 1951-66 the mean annual rainfall 
for Santacruz was 2560.4 mm whereas it was 2244.7 mm for Colaba. The 
difference of 315.7 mm is quite significant and can be seen from the table 
that the rainy months in Santacruz have recorded more rains than Colaba. 
Similarly during the period 1967-82 Colaba recorded 2002.6 mm of rains 
while Santacruz recorded 2084.6 mm and during 1983-98 Colaba recorded 
2311.6 mm while Santacruz recorded 2305.1 mm. Thus it could be inferred 
from above that Santacruz tends to be wetter of the two. Yet, another 
irregularity which was deciphered from the above analysis is that 1967-82 
recorded a rather decrease in rainfall, for both the stations. The rainfall 
during the rainy months of July and August for the same period have 
recorded less rains compared to other periods. 
(i) Colaba (1951-1998): 
Table: 5.3 
Random Analysis of Rainfall Data for Colaba 
1 "^^^ 
Mean Rainfall (mm) 0.9 
1951-1998 1 




























































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
June : The general state of onset of monsoon rains is in the second week of 
June and by the end of the month the monsoon is generally established over 
Mumbai. Rainfall is characteristically intermittent and varies considerably 
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from year to year. The average rainfall in this month was 591.9 mm which is 
fairly high considering the fact that the monsoon sets in only around the 
middle of the month. The rainfall variations were considerably high during 
the 48 years of study period. It fluctuated between 283.0 mm in 1957 and 
1669.7 mm in 1991. The rainfall for 28 years i.e. 58 per cent years were 
below average while those of 20 years were above average. 
July : There was considerable difference in the average rainfall of July as 
compared to June. It had increased from 591.9 mm in June to 744.0 mm in 
July, which is the peak monsoon month in this coastal city. Variations in 
rainfall were very high as the lowest recorded rainfall was 172.8 mm in 
1986 the highest was 1524.4 mm in 1991. The rainfall in 22 years i.e. nearly 
46 per cent years was below average and 26 years experienced an above 
normal rainfall years. 
August : The average rainfall decreased by 283.1mm to 460.9 mm from 
July. There were significant variations as indicated by 122.2 mm in 1972 to 
1265.4 mm in 1958. Of the 48 years under study 31 years i.e. nearly 65 per 
cent years recorded a below average rainfall and 17 years recorded above 
normal rainfall years. 
September : With receding of the monsoon, average rainfall diminished to 
295.0 mm, that is a fall of 145.9 mm from the average in August. Rainfall 
variation too was high with a low of 34.0 mm recorded in 1987 with a high 
of 831.8 mm recorded both in 1988 and 1993. Of the 48 years under study 
26 years i.e. 54 percent of the years recorded a below average rainfall 
whereas 22 years recorded above average rainfall. 
Considering the annual rainfall between 1951 and 1998 it may be 
concluded that 37.51 percent of the years experienced extreme variation in 
rainfall, 31.25 percent experienced moderate variation in rainfall whereas 




















(ii) Santacruz (1951-98) : 
Mean Rainfall (mml 
1951-1998 
BNY 
Mean Rainfall (mm) 
1951-1966 
BNY 
Mean Rainfall (mm) 
1967-1982 
BNY 


























































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
June : The average rainfall in this month was 506.2 mm which was fairly 
high. The rainfall variations were high during the 48 years on record. The 
lowest recorded was 82.2 mm in 1995 and the highest was 1026.4 mm in 
1985. The rainfall for 26 i.e. 54 per cent years was below average while 22 
years i.e. 46 per cent were above average. 
July : There was a wide difference in the average rainfall between June and 
July. It increased by 317.7 mm to 823.9 mm, being the rainiest month for 
Mumbai. There was a wide fluctuation in the records with 287.5 mm in 1986 
and 1455.5 mm in 1965. The rainfall in the 23 recorded i.e. 48 per cent years 
were below average whereas those for 25 years i.e. 52 per cent were above 
average. 
August : The average rainfall decreased by 268.9 mm to 555.0mm. The 
variations were high with 108.6 mm of rainfall in 1972 and 1254.0 mm in 
1958. 26 years i.e. 54 per cent of years recorded below normal rainfall. A 
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total number of 22 years i.e. 46 per cent recorded above normal rainfall out 
of the 48 years of recorded rainfall. 
September : With the receding of the monsoons, average rainfall 
diminished to 325.3 mm. The variation is high with the least of 38.5 mm 
recorded in 1986 and the maximum of 919.9 mm recorded in 1954. 28 years 
i.e. 58 per cent recorded below average rainfall, whereas 20 years i.e. 42 per 
cent recorded above average rains. 
Considering, the annual rainfall between 1951 and 1998 it may be 
concluded that approximately 35.41 percent of the years experienced 
extreme variation in rainfall, 18.75 percent moderate rainfall and 45.8 
percent normal amount of rainfall ( Table 5.4, Fig. 5.4). Here, we see in case 
of Mumbai that the trends at the two stations are very uncompromising. In 
case of Santacruz 1951-66 period is the wettest while for Colaba it is 
between 1983-98. Also, the annual average shows unfavourable rainfall with 
26 or 54 per cent below normal years for Colaba and 24 or 50 percent for 
Santacruz, out of a total of 48 years. 
At Santacruz there was a marked decrease in rains between 1951-66 
and 1967-82 by 496.8 mm. This too could be attributed to a shortfall of rains 
during the monsoons in the latter period. Then there was an increase of 
about 220.5 ram during 1983-98. Colaba too demonstrates a similar 
characteristic. There was a decrease of about 242.1 mm of rainfall between 
1951-66 and 1967-82. Then again an increase of 309 mm between 1983-98. 
The number of below normal years is comparable between the two stations 
with August (31) showing a high for Colaba as in (Table 5.3). The number 
of below normal years for Colaba were June 26, July 22, August 31 and 
September 26, while Santacruz showed June 26, July 23, August 26 and 
September 28. 
A reconsideration of the annual rainfall years as seen from the graph 
(Fig. 5.4) for Santacruz 1958 records the maximum annual rainfall of 3784.9 
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mm which is 63.37per cent of the mean for the 48 years under consideration 
as against 942.2 mm rainfall recorded in 1972 which was 59.33 per cent 
below normal rainfall. Similarly, Colaba recorded a high of 3500.2 mm of 
annual rainfall during 1954 (Fig. 5.3) which is 60.09 per cent above the 
average annual rainfall as against 957.8 mm of rainfall recorded in 1968 
which was 56.19 per cent below normal rainfall. 
Upon observing the effectiveness of rainfall at the two stations 
Sanctacruz recorded 24 years of below normal rainfall years demonstrating a 
50 per cent deficiency as against 26 years of below normal rainfall years for 
Colaba with 54 per cent deficiency. Thus Santacruz was better of the two 
stations. The rainfall variability for Santacruz was 32.29 percent while for 
Colaba it was 31.6 percent and 31.9 percent for the city as a whole. 
III. Rainfall Trends at Kolkata and Dum Dum (Kolkata) 
Onset of the monsoons at Kolkata depends on the formation of the 
depression over the Bay of Bengal. The rains which usually set in the middle 
of June and last till the end of September or sometimes upto the middle or 
latter part of the month of October.^  
Mean Annual Rainfall 
Mean annual rainfall for the period 1951-98 was observed for the 
two stations at Kolkata. Dum Dum recorded an annual average of 1615.1 
mm of rains while Kolkata read 1618.5 mm for the corresponding period. 
For the purpose of random analysis the 48 years on record was divided into 
3 parts of sixteen years each. 
In the first sixteen years between 1951-66 the mean annual rainfall 
for Dum Dum was 1436.1 mm, while Kolkata recorded 1458.0 mm for the 
corresponding period. Similar trend was shown during 1967-82 with Dum 
Dum recording 1698.0 mm and Kolkata 1725.5 mm, again during 1983-98 
the total rainfall was 1711.1 mm for Dum Dum and 1672.1 mm for Kolkata. 
7. Bhatt, S.C. (1998). The Encyclopaedic District Gazetters of India, eastern zone volume 






































(i) Kolkata (1951-1998) 
Ran 
Mean Rainfall (mm) 
1951-1998 
BNY 
Mean Rainfall (mm) 
1951-1966 
BNY 
Mean Rainfall (mm) 
1967-1982 
BNY 
Mean Rainfall (mm) 
1983-1998 
BNY 
Table : 5.5 






















































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
June : Monsoon generally sets in by the middle of June and gets well 
established by the end of the month. The average rainfall was 272.5 mm 
which is a fair amount considering the onset of monsoon only in the middle 
of the month. The rainfall variations were considerable, with a low of 70.0 
mm in 1960 and a high of 946.2 mm in 1984. The 48 years period of rainfall 
recorded 31 years i.e. 65 percent of below normal years and 17 years i.e. 35 
percent years of above normal rainfall. 
July : The rainiest month of the monsoon season at Kolkata has recorded the 
highest average of 344.3 mm of rainfall a rise of 71.8 mm. The fluctuation 
in rainfall was high with a low of 73.9 mm in 1951 and a high of 878.9 mm 
in 1990. The record showed 29 years i.e. 60 percent of below normal rainfall 
and 19 years i.e.40 percent of above normal rainfall. 
August : The average rainfall decreased by 25.2 mm to 319.1 mm. There 
were significant variations as indicated by 111.0 mm in 1986 and 597.7 mm 
in 1968. The below average rainfall years recorded 25 years i.e. 52 percent 
whereas 23 years have recorded above normal rainfall. 
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September : With the receding of the monsoon, average rainfall diminished 
to 278.9 mm, that is a fall of 40.2 mm from the previous month. Rainfall 
variation too was high with the range of 99.3 mm in 1982 and 944.7 mm in 
1978. Of the 48 years under study 26 years i.e. 54 percent recorded below 
normal rainfall whereas 22 years i.e. 46 percent were above normal rainfall. 
Considering the annual rainfall between 1951 and 1998, 31.25 per 
cent of years recorded extreme variation in rainfall, 18.75 per cent recorded 
moderate variation and 50 per cent recorded normal variation (Table 5.5, 
Fig. 5.5). 
(ii) Dum Dum (1951-98) 
Table: 5.6 
Random Analysis of Rainfall Data for Dum Dum 

































































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
June : The average rainfall was 291.4 mm. The rainfall variation is 
considerable ranging between 77.6 mm in 1960 and 1015.9 mm in 1984. Of 
the 48 years 31 years i.e. 65 percent recorded below normal rainfall and only 
17 years i.e. 35 per cent were above normal rainfall. 
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July : There is no appreciable difference and an increase of only 25.2 mm to 
317.3 mm from that of June. The rainfall range was 88.1 mm in 1961 and 
668.3 mm in 1990. 26 years i.e. 54 per cent experienced below normal years 
whereas 22 years i.e. 46 per cent were above normal rainfall years. 
August : There was a slight difference of only 2.2 mm in the average 
rainfall and it recorded 319.5 mm. The range of rainfall fluctuated between 
129.2 mm in 1986 to 633.6 mm in 1987. The record showed 31 years i.e. 64 
per cent with below normal rainfall and 17 years i.e. 35 per cent with above 
normal rainfall. 
September : The average rainfall decreased to 286.6 mm. The minimum 
record was 82.7 mm in 1968 and maximum of 763.3 mm in 1978. 30 years 
i.e. 63 per cent recorded below normal rainfall years and 18 years i.e. 37 per 
cent recorded above normal rainfall years. 
Considering the behaviour of the annual rainfall for Dum Dum, 
29.16 per cent of years recorded extreme variation in rainfall, 25.83 per cent 
recorded moderate variation in rainfall, whereas 45.01 per cent recorded 
normal variation (Table 5.6, Fig. 5.6). Trends at both the stations were very 
similar or almost identical with slight or minute differences. Although the 
annual average shows unfavourable rainfall, with Dum Dum reporting 25 
years and Kolkata 27 years of below normal rainfall, out of a total of 
fortyeight years. Also, the rainy months of June, July, August and 
September showed very close figures. 
On close observation Dum Dum showed a steady increase in rainfall 
over the years as compared to Kolkata, although the city on an average was 
wetter than the suburb i.e. Dum Dum. The number of below normal years 
for Dum Dum were more as compared to Kolkata. Out of the forty eight 
years on record, the number of below normal years against their respective 
months were January 31, March 34, June 31, August 31, September 30 and 
December 40, for Dum Dum. The mean monthly rainfall has shown some 
166 
irregularity in case of Kolkata witii the last sixteen years showing a decline 
compared to the previous sixteen years. The annual rainfall for Kolkata 
shows (Fig. 5.5) great fluctuations with a high of 2428.9 mm recorded in 
1978 against a 892.8 mm recorded in 1994. Hence, during fortyeight years 
no single year demonstrated an appreciable departure from mean of 1618.5 
mm. 1978 recorded a 50.07 per cent increase vis-a-vis annual rainfall, as 
against 44.85 per cent departure from normal rainfall for 1994. 
Likewise for Dum Dum a maximum annual rainfall of 2469.9 mm 
was recorded in 1971 (Fig. 5.6) which is 152 per cent of the mean annual 
rainfall of 1615.1 mm, as against a minimum annual rainfall of 986.4 mm 
recorded in 1997, which is a departure of 61 per cent from mean. On, 
considering the net performance for the two stations, at Kolkata 27 monsoon 
years experienced below normal rainfall which thus was deficient by 56 per 
cent as against only 43 per cent efficient rainfall in the 48 years. Dum Dum 
on the other hand had 25 below normal years which was 52 per cent 
deficient for the total number of years under study. 
The rainfall variability for Kolkata is 9 per cent whereas Dum Dum 
presents 4.8 per cent and overall for the city proper is 6.9 per cent. Hence, 
the city station ought to be less wet than the suburban airport. Thus the city 
of Kolkata has a highly reliable rainfall regime. 
IV. Rainfall Trends at Nungambakkam and Minambakkam (Chennai) 
Chennai the southern most megacity is at an advantageous location 
and receives its share of rains in the winter season from the retreating 
monsoon winds which are north easterly and bring copious amount of rains 
to this city. Due to this reason the rainy season is extended from June to 
December. 
Mean Annual Rainfall 
The two stations in the city recorded mean annual rainfall for the 




















































average rainfall of 1281.7 mm, while Minambakkam recorded 1333.7 mm 
for the same period. For the sake of random analysis the 34 years were 
divided into two equal parts of seventeen years each. In the first half 
between 1965-81 the mean annual rainfall for Nungambakkam was 1288.9 
mm while Minambakkam recorded 1369.6 mm for the same. Likewise, in 
the second half during 1982-98 Nungambakkam recorded 1274.5 mm while 
Minambakkam showed 1297.9 mm of annual rainfall. 
(i) Nungambakkam (1965-1996) 
June : As Chennai located at the south eastern coast of India it remains 
unbattered by the southwest monsoons in the months of June and July and is 
actually hit by squalls of the retreating monsoons during October and 
November. Thus June receives very meagre amount of rainfall compared to 
other cities. The average rainfall for the month recorded a paltry 63.5 mm 
and also the rainfall variation was considerably high with a minimum of as 
low as 6.1 mm in 1992 and a high of 263.9 mm in 1991. Out of the 34 
recorded years 21 years i.e. 62 per cent were below average rainfall years 
while 13 years i.e. 38 per cent were above normal rainfall. 
Table: 5.7 
Random Analysis of Rainfall Data for Nungambakkam 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune, 
BNY - Below Normal Rainfall Years 
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July : There has been an increase in the average rainfall from June to July 
by 34.9 mm which recorded 98.4 mm of rainfall. The range of rainfall too 
was high with a low of 19.5 mm recorded in 1973 and 224.3 mm recorded in 
1981. Out of 34 years on record 22 years i.e. 65 per cent were below normal 
rainfall years while 12 years i.e. 35 per cent were above normal rainfall 
years. 
August : The average rainfall in this month increased to 141.7 mm, the 
range of rainfall varied between 262. mm in 1984 to 353.4 mm in 1976. The 
number of years recorded below normal rainfall fell to 19 years i.e. 56 per 
cent and those recording above normal increased to 15 years i.e. 44 per cent. 
September : The average for the month decreased by 21.4 mm to 120.3 
mm. The range was significant with a minimum of 5.8 mm recorded in 1980 
and a maximum of 264.2 mm recorded in 1978. There had been a fall in the 
number of years recording below normal rainfall to 17 years i.e. 50 per cent 
with another 17 years i.e. 50 per cent recording above normal years. 
October : The average rainfall recorded a significant increase to 259.0 mm 
from that of September. The range of rainfall varied between 61.3 mm 
recorded both in 1982 and 1997 and a maximum of 638.1 mm recorded in 
1977. The below normal years increased to 20 years i.e. 59 per cent whereas 
the above nornicil years of rainfall decreased to only 14 i.e. 41 per cent. 
November : The month with the maximum amount of rainfall recorded an 
average rainfall of 348.6 mm. The range varied between 85.0 mm in 1983 to 
807.3 mm in 1976. There were 17 years i. e. 50 per cent recording below 
normal years with the same number of years recording above normal 
rainfall. 
Considering, the annual rainfall between 1961 and 1996 , 17.64 per 
cent of the total number of years experienced extreme variation in rainfall 
with 46.67 per cent experienced nominal variation while 35.29 per cent 
experienced moderate rainfall variation (Table 5.7, Fig. 5.7). 
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(ii) Minambakkam (1965-1996) 
June : The average rainfall for the month recorded 58.5 mm and the range 
varied between 7 mm recorded in 1988 and 216.8 mm recorded in 1991. 
There were 17 years i.e. 50 per cent recording below normal rainfall 
whereas another 17 years another 50 per cent recorded above normal 
rainfall. 
July : The average rainfall increased to 117.5 mm which is a significant 
increase of 59.0 mm from the previous month. The range varied between 5.8 
mm in 1997 to 218.1 mm in 1971. There were 16 years i.e. 47 per cent with 
below normal rainfall, and 18 years i.e. 53 per cent were above normal 
rainfall. 
Mean Rainfall (mm) 
1965-1998 
BNV 
Mean Rainfall (mm) 
1965-1981 
BNY 
Mean Rainfall (mm) 
1982-1998 
BNY 
Ts ble: 5 .8 




























































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
BNY - Below Normal Rainfall Years 
August : The average rainfall for the month increased to 147.3 mm, the 
range varied between 14.4 mm in 1997 to 395.3 mm in 1967. The number of 
below normal years increased to 20 years i.e. 59 per cent of the years and 
thus the above normal years decreased to only 14 years i.e. 41 per cent. 
September : The average rainfall for the month recorded 126.3 mm which 
was lesser by 21.0 mm from that of August. The range varied between 21.5 
mm in 1969 to 299.3 mm in 1985. There were 20 years recording below 
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average rainfall i.e. 59 per cent and 14 years i.e. 41 per cent recording above 
normal rainfall years. 
October : The average rainfall for the month had increased to 262.5 mm 
and varied between 68.7 mm to 755.3 mm in 1970 and 1977 respectively. 
There were 19 years i.e. 56 per cent recording below normal rainfall years, 
while 15 years i.e. 44 per cent recorded above normal years. 
November : The average rainfall for the month recorded the highest ever in 
the monsoon months of Chennai at 362.2 mm. The range of rainfall varied 
between 74.9 mm in 1981 and 776.4 mm in 1985. The number of below 
normal years decreased to 16 years i.e. 47 per cent from the previous month, 
with 18 years i.e. 53 per cent recording above normal rainfall. 
Considering, the annual rainfall for Minambakkam between 1965 
and 1996 only, 16.59 per cent of the years recorded extreme variations of 
rainfall, whereas 36.36 per cent recorded moderate rainfall years and 47.05 
per cent of years; recorded nominal rainfall variation (Table 5.8, Fig. 5.8). 
Trends at both the stations were quite compromising but still 
Minambakkam has an edge over Nungambakkam. Yet the annual average 
showed unfavourable rainfall, with Nungambakkam recording 14 years of 
below normal rainfall conditions thus was deficient by 41 per cent as against 
Minambakkam which recorded 16 years of below normal rainfall which was 
deficient by 47 per cent, out of a total of 34 recorded years. 
The number of below normal years for Minambakkam were June 
17, July 16, August 20, September 20, October 19, November 16, December 
21. The period between 1965-81 was wet for both the stations than 1982-98. 
However, Minambakkam was wetter than Nungambakkam, one reason that 
could be responsible may be its height (16 metres above mean sea level). 
The rainfall variability for Nungambakkam was 53.7 per cent and that of 
Minambakkam was 53.3 per cent. As a result no station is specially wetter 
than the other. Both are the same and the city is thus rather dry with 53.5 per 
17'5 
cent variability The percentage extreme variation was observed to be 
maximum for the stations at Chennai, amongst the megacities. 
The rainfall variability for the stations are high at Delhi followed by 
Mumbai and the most compatible results were those for the Kolkata stations. 
Thus both Delhi and Chennai falls in the semiarid zone, the former due to its 
continentality, and the latter owing to the retreating track of the monsoon. 
Both Mumbai and Kolkata receive a fair amount of rainfall because they are 
favourably located in the track of the monsoon winds of the eastern and 
western branches of monsoon. 
II, Relative Transition of Rainfall with Temperature 
(i) Palam (Delhi) 
Table:5.9 
Correlation Between Rainfall and Temperature at Palam (1957-2000) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
The mean maximum yearly temperature for Palam has been almost 
uniform for all the years under enquiry except for a normal fluctuation of 4 
to 5 degree celcius. Thus during the forty two years under study the 
fluctuation from mean has been nearly 5°C. The annual rainfall has shown 
wide fluctuations. A maximum of 1335.1 millimeters was recorded in 1992 
whereas a minimum 315.4 millimeters was recorded in 1986. The test of 
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linearity at 1 and 42 degree of freedom (1,42) which has a tabulated value of 
7.3, but the computed value for March, August, September and October are 
higher. There exists significant difference between the variables at 0.01 
level of significance. 
The correlation coefficients for all the months are varying between 
strong to weak negative relationship and the annual relation was -0.266 with 
a 7.07 per cent variation between the two (Table 5.9). 
The mean minimum annual temperature for Palam has actually 
increased during the study period of (1957-2000). The lowest mean annual 
of 16.6^C was recorded in 1969 and a high of 19.8°C in 1998, which clearly 
demonstrates the fact that the nights have grown warmer at Palam. The 
relationship at F (1,42) has remained significant and linear in all the months 
except August at 0.01 significance level. The average rainfall for August is 
250.1 millimeters coupled with a corresponding average temperature of 
25.6°C. The correlation coefficient is -0.432 with 18.66 per cent variation 
during the month. The relation is, however, both negative and positive. A 
positive relationship is observed for January, February, April, September, 
October, November and December (Table 5.9). In the rest of the months and 
the annual it is negative. The annual correlation co-efficient is -0.095 with a 
0.90 per cent variation between the two variables. Thus there is a very weak 
overall negative relationship. 
(ii) Safdarjung (Delhi) 
The rainfall regime and temperature actually do not show any strong 
relationship. However, an increase in rainfall does reduce the temperature 
slightly during the monsoon months but this does not significantly affect the 
comfort level owing to continued high relative humidity and weak average 
wind velocity. The linearity of regression at F (1,42) for the different 
months is showing significant differences for March, July, August, 
September, December and the Annual. The correlation coefficient is 
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negative for all the months with October showing no relationship at all and 
an annual of -0 451 with a 20.34 per cent variation of each variable with 
respect to the other (Table 5.10). 
Table:5.10 
Correlation Between Rainfall and Temperature at Safdarjung (1957-2000) 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean minimum temperature has a linear relationship at F (1,42) 
with June, July, August having significant difference at 0.01 level. The 
correlation coefficient has a weak negative relation during summer and 
monsoons while the other months show a weak positive relationship. The 
annual is also a weak negative relationship of-0.174 magnitude with the 
coefficient of determination as 0.03 which explains a 3.02 per cent (Table 
5.10) variation in the resultant variables with respect to each other. 
As the rainfall here is characteristic of the atmospheric wind 
circulation system under the influence of western disturbances during 
winters and monsoons in summer. There seems very little influence of 
localized temperature changes. The correlation coefficient for both the 
stations are negative for all the months, although Safdarjang is more 
strongly negative than Palam. 
(ii) Colaba (Murnbai) 
As the mean maximum temperature is almost uniform at this 
maritime location through out the year the occurrence of rainfall has no 
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profound impact on its magnitude owing to its tropical conditions. The 
linearity between the two variables shows significant difference for June, 
July, August, September and October at 0.01 level of significance. The 
coefficient of correlation shows weak negative association with July the 
month of maximum average rainfall of 744 millimeters which shows a 
decline in average maximum temperature to 30.1°C. Hence a negative 
association with a 34.33 percent variation of one with respect to the other 
(Table 5.11). 
Table: 5.11 
Correlation Between Rainfall and Temperature at Colaba (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
The mean minimum temperature is also considerably high for night 
time temperature. This can be associated to the high percentage of humidity 
in the atmosphere. The linearity of the relationship between the two 
variables at F (1,,46) shows significant difference for June, July, August and 
September at 0.01 level of significance. The correlation coefficient shows a 
weak negative association between the two. The annual variation is 7.61 per 
cent of one variable with respect to the other (Table 5.11). 
(iv) Santacruz (Mumbai) 
The mean maximum annual temperature at Santacruz is relatively 
less uniform throughout the year than at Colaba due to the former's slight 
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continentality. The rainfall steadily increases from May till July, and then 
declines thereupon. The linearity between the two shows significant 
difference for June, July, August, September, October and December at 0.01 
level of significance. The correlation coefficient shows a moderate to weak 
inverse relationship between the two variables (Table 5.12). A rise in 
temperature retards humidity and enhances dryness. 
Table: 5.12 
Correlation Between Rainfall and Temperature at Santacruz (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean minimum temperature at Santacruz is fairly high even for 
the winter months owing to the tropical maritime influences. The test of 
linearity between the two shows significant difference for June, July and 
November at 0.01 level of significance. The correlation coefficient is both a 
weak negative and positive relationship. November has a moderately 
positive association with a magnitude of 0.553 and 30.58 per cent variation 
(Table 5.12). This kind of relationship may be related to the almost steady 
pattern of temperature change which does not match with the relatively high 
rate of variation in rainfall on a month to month basis. 
The mean maximum temperature being a character of insolation 
does not vary much but the nocturnal temperatures are more pronounced. 
Although the rainfall at Colaba is less than that at Santacruz but due to high 
humidity and far less wind velocity, the upper atmospheric turbulence is 
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more stable to disperse off stagnant air, and the reason for the occurrence of 
'intense heat island' at Colaba. 
(v) Kolkata (Kolkata) 
Rainfall at Kolkata occurs owing to the depression in the Gangetic 
West Bengal. The summer showers are known as Kal Baisakhi which are 
localized convectional form of precipitation. The mean annual rainfall 
between (1951-1998) is 1618.5 millimeters. The highest average recorded 
rainfall is 344.3 millimeter in July from which there is a steady decline in 
the amount of rainfall. The temperature for the city is considerably high with 
the mean maximum ranging between 26.2°C for January which is a 
substantially high temperature considering the time of the year to 35.7°C in 
May, which is the hottest month before the monsoon ensues. 
Table: 5.13 
Correlation Between Rainfall and Temperature at Kolkata (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The computed value for March, May, June, July, August, 
September, October, December and Annual show higher values of F (1,46) 
statistics at 0.01 level of significance. Thus there exists significant 
difference between the two variables for the above months. The correlation 
coefficient shows a negative moderate to weak relationship for all the 
months. The variables show the highest percentage variation in June at 
52.12 per cent. The annual shows a 30.03 percent variation (Table 5.13). 
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The mean minimum temperature too for the period has remained 
high for any comfort. This shows that the nights are no cooler at Kolkata. 
The F (1,46) test of linearity gives anomalous results for April, May, June, 
July, August. These are the months when the temperatures are high and the 
rainfall has no role in influencing a change in the parameter. The correlation 
coefficient shows moderate to weak relationship with the summer months 
showing a negative relationship and December also a very weak negative 
relationship. Here again June is showing the highest variance of 44.48 per 
cent. The annual for the two variables shows very small amount of variation 
at 9.61 per cent (Table 5.13). 
(vi) Dum Dum (Kolkata) 
As mentioned for Kolkata, Dum Dum too presents a similar 
temperature characteristic. The annual mean maximum temperature is 
varying only by 2.3°C at Dum Dum, which is no big departure from the city 
conditions. As for rainfall it has received 3.4 millimeter less annual rains 
than Kolkata. July has remained the month with highest average rainfall of 
298.5 millimeters. 
Table: 5.14 
Correlation Between Rainfall and Temperature at Dum Dum (1951-1998) 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The linearity of the two variables at F (1,46), March, May, June, 
July, August, September, October and Annual is not significant at 0.01 level. 
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This can be explained by considering the correlation coefficient between the 
two variables which finds weak negative relationship for all the months and 
the annual shows a relation of -0.625 which can be explained by the 
variation of 39.06 per cent between the two (Table 5.14). The mean 
minimum temperature also has kept a close similarity to that at Kolkata and 
is less by only 7.1°C percent. The linearity between the two variables find 
anomaly for April, May, June, August and Annual. The coefficient of 
correlation is moderate to weak with January, February, October and 
November having positive relationship. The annual shows a negative 
relation of -0.625 which can be explained by the variation between rainfall 
and mean minimum temperature by 39.06 percent (Table 5.14). 
(vii) Nungambakkam (Chennai) 
October and November is a period of transition leading upto the 
conditions of dry winter season in North India, whereas it is associated with 
general rains in the coastal districts of peninsular India, of which Chennai is 
a prominent city. October and November happen to be the rainiest months of 
the year in this area, and are known as northeast monsoon rains. It is mostly 
cyclonic in nature. 
Table: 5.15 
Correlation Between Rainfall and Temperature at Nungambakkam (1965-1998) 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The mean maximum annual temperature for Nungambakkam has 
been almost uniform for all the years with very little variations. The range of 
monthly average is between 28.7°C for January to 36.8°C for May, which is 
a very wide fluctuation. The mean annual rainfall has shown extreme 
fluctuations with a minimum of 286.2 millimeter in 1997 and an extreme 
maximum of 1897.3 millimeters just the previous year in 1996. 
The 'F" statistic which at 1 and 32 degrees of freedom is 7.6 but the 
computed value for June, July, August, September, October are greater, 
therefore there exists a significant difference between the two variables 
during these months at 0.01 level of significance. The correlation coefficient 
between the tv/o variables is a weak to moderate negative association, 
except for December (Table 5.15). As the rainfall is a weather phenomenon 
totally dependent on world circulatory system, it is difficult to give any 
explanation to the above behavior, yet the positive association for December 
is holding good as both temperature as well as rainfall has declined in this 
month. The highest inverse relation is occurring during October with a 38.56 
percent of variance. The annual varies at 0.88 percent. 
The mean minimum annual temperature has also maintained total 
uniformity during the study period with very little variations. The nocturnal 
linearity for May, June, July, August, September are significant at 0.01 level 
of significance and the correlation coefficient during these months are 
moderately negative in association. The association which is periodic in 
nature is governed by the larger wind system of the earth, the greater part of 
summers is dry due to the rains in winter by the retreating monsoons. So to 
some extent such an association can be rated as plausible. The correlation 
coefficient is both positive and negative with positive association during 
winters and negative during the summer months. The inverse relations are 
pronounced with a maximum variance of 41.86 percent during August. The 
annual varies at the rate of 0.078 percent (Table 5.15). 
182 
(viii) Minambakkam (Chennai) 
At Minambakkam the outlying station at the airport the average day 
temperature appears higher than at Nungambakkam. But the average rainfall 
is higher at Minambakkam owing to its closeness to the hillock at the 
backdrop which induces orographic rainfall. The critical value for 'F' is 
higher during February, April, May, July and August, where there exists 
significant difference between the variables at 0.01 level of significance. 
The correlation coefficient present a weak to moderate negative association 
for all the months, except October (Table 5.16). 
Table: 5.16 
Correlation Between Rainfall and Temperature at Minambakkam (1965-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The correlation coefficient which is negative for all the months 
except October, shows a maximum inverse association of 39.56 percent in 
May, which is very close to reality as May happens to be the hottest, driest 
month of the year. The annual is varying at the rate of 0.903 per cent. As 
rainfall is a seasonal feature in India and although the wind system is 
generated owing to the thermal and therefore the pressure differences in the 
greater landmass its influence at a small city level is difficult to explain. 
The nocturnal temperature is high throughout the year at Chennai 
owing to its more tropical location, and also marine influences. The 'F' 
statistic for May, June, July, September and December show significant 
differences between the two variables. The correlation coefficient is both 
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negative and positive weak to moderate association (Table 5.16). The 
percentage variance of 47.33 percent for July can be explained keeping in 
view the temperature which has slightly decreased with the rainfall showing 
an increase. The annual variance is small at 1.06 percent. The negative 
association during the summer months is relevant in view of the near 
absence of rains during these months in Chennai. The weakly positive 
association during winters gives testimony to the occurrence of rains by the 
retreating monsoons. 
The characteristic of rainfall is such that the outlying station receives a 
little more rain than the city station at Nungambakkam. The temperature profile 
is such that the daytime temperature does not show much difference, owing to 
the same rate of insolation, but the nocturnal temperature is slightly lower at 
Minambakkam than at Nungambakkam. The relationship between the two 
variables has shown similar characteristics at both the stations. The F ratio is 
significant for all the months except September at 0.01 level of significance. 
The correlation coefficient is a weak negative association for all the months 
except January and February. The greatest inverse variation of 35.04 percent is 
existing for July, which has very high day time and nocturnal temperatures 
which infuses dn/ness in the air. The annual association shows a 13.46 percent 
variance. Between the two stations as already stated Minambakkam has more 
inverse association than at Nungambakkam. 
Several model projections of climate trends in response to 
greenhouse warming have shown lower precipitation, more below normal 
rainfall years and shifts in the timings of rains in the interior of large 
continents (Manabe and Weltherald 1987).^  Among all the climatic factors 
rainfall variability remains almost universally higher. The same holds good 
in terms of the megacities of Delhi and Mumbai with Kolkata being an 
exception. 
8 . Qureshi, S. and Khan, N. (1994). Estimation of Climatic Transition in Riyadh (Saudi 
Arabia) in Global Warming Perspectives, GeoJournal 33.4, Kluwer Academic 
Publishers, p. 426. 
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Chapter-VI 
HUMIDITY TRANSITION AND URBAN HEAT 
ISLAND IN THE MEGACITIES 
* Relative Transition of Rainfall and Relative Humidity 
* Relative Transition of Temperature with Relative 
Humidity 
* Relative Transition of Wind Velocity with Relative 
Humidity 
Chapter - VI 
HUMIDITY TRANSITION AND URBAN HEAT ISLAND IN THE 
MEGACITIES 
Even though meagre research has been done on humidity than on 
other meteorological indicators. The opinion of several of urban 
climatologists is that the average relative humidity in the cities is 
considerably lower than that of nearby rural areas, whereas the absolute 
humidity is only slightly lower in the built-up regions. However, some 
studies have indicated an increase in urban relative humidity under the 
impact of heat-island. The main reason to cause the differences in the 
humidity of urban and rural areas is that the evaporation rate in a city is 
lower than that in the country side because of the markedly different nature 
of evaporative surfaces. The countryside is covered with natural and man-
made vegetation, which retains rainfall and the irrigation dosages, whereas 
the floor of a city is characterized with concrete, asphalt and other 
impervious materials that cause rapid runoff of precipitation. Although the 
city's low evaporation rates result from the shortage of available water and 
the lack of vegetation for evapotranspiration, some moisture is added to 
urban atmospheres by the humanly induced combustion sources. 
Variations of relative humidity within metropolitan areas resemble 
those of temperature, since the spatial temperature variations in a city are 
significantly greater than those of vapour pressure. Thus, because of the heat 
island, relative humidity in a city is lower than in the suburbs and outlying 
districts. The humidity differences are greater at night and in the summer, 
corresponding to the time of greatest heat island intensity (Chandler, 1967a). 
Other studies too have yielded similar findings. Chandler (1962b, 1967a)' 
frequently observed that at night the urban absolute humidity was higher 
than in the outlying regions. Furthermore, variations of humidity within the 
1. Chandler, 1962b and 1967a in (Berry J.L.B. and Horton L.F.) edited Urban 
Environmental Management, Planning for Pollution Control (pp. 52-53). 
city often directly correspond to building density, especially when the 
meteorological conditions were conducive to heat-island formation. 
Ramanathan and Raval (1989)^ used observational data to show a 
relationship between temperature and humidity and concluded that an 
increase in water vapour is one of the main positive feedbacks in the 
atmosphere, amplifying the enhanced greenhouse effect. 
In this chapter the temporal trends of relative humidity in the four 
megacities of Delhi, Mumbai, Kolkata and Chennai have been presented, 
based on data of two stations for each city. The Analysis of Variance 
(ANOVA) and Pearsonian Correlation has been employed to determine the 
following relationships. 
1. mutual relationship between rainfall change and humidity change 
2. between temperature and humidity change. 
3. wind velocity and humidity relationship. 
The Analysis of Variance (abbreviated as ANOVA) is basically an 
arithmetical procedure about the sources of variability in data by a 
purposeful partitioning of the total sum of squares of deviations from the 
mean into components associated with defined sources of variation. The 
technique of analysis of variance is useful in all types of researches where 
the effects of one or two variables on a problem under study had to be 
determined on the basis of a number of experiments conducted 
simultaneously. Thus variance analysis can tell whether different sample 
data classified on the basis of a single variable are meaningful. It can also 
provide meaningful comparisons of sample data, which have been 
simultaneously classified on the basis of two variables. The variance 
analysis studies the significance of the difference in means by analyzing 
variance. The variances would differ only when the means are significantly 
different. 
2. Sarkar, D. (1994); Ecological Issues in Megacities : A Study of Bombay, unpublished 
Ph.D. Thesis, Department of Geography, University of Bombay. 
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To test the fitted regression line for linearity, it is best done by 
performing the analysis of variance test to analyse the mean squares due to 
several components of the variation. For the linear equation . 
Y = Y ± s = Y ± (Y- Y) 
that is, observed value = predicted value with a definite pattern ± error of 
prediction having a random pattern. 
Y - Y = ( Y - Y ) ± ( Y - Y ) 
Squaring both sides 1 (Y-Y)^ = E (Y -Y)^ + Z (Y- Y)' 
Total sum of 
Square of, Y 
SST 
Sum of squares explained Sum of squares 
by the linear regression + unexplained by the 
of Y on X, SSR linear regression of 
Y on X,SSu 
Hence, for linear regression following analysis of variance, it may 
be observed that there is a total variability SSj of the dependent variable Y 
which is divided into a variability accounted for by the regression SSR and a 
variability unaccounted for by the regression or residual variability SSu-
This can be conveniently expressed alongwith the degrees of freedom (df) 
by an ANOVA table (Appendix I). 
Sum of squares of variance 
Accounted for by regression 
SSR = S ( Y -yf ' 
Unaccounted for by 
regression (absolute residual) 
SSu = 2: (Y-Y) = SST - SSR 
Accounted for by the mean 
(total variance) 








SSR|1 = M S R 








The degree of freedom (d.f) will be (n-1) for the total variation SSj 
since the mean is fixed and n-1 of the observations can vary since another 
degree of freedom is lost in estimating the coefficient in regression, there 
are (n-l)-l = n-2 degree of freedom left for estimating the absolute residual 
mean square, MSu. For estimating the sum of squares explained by 
regression, SSR the d.f should be one since the d.f of the components of 
variation in ANOVA table always add to the total d.f. that is n-1. 
A test of significance of linearity can be conducted from the 
analysis of variance by the F statistic which is as follows : 
Estimate of the variance accounted for 
F(l,n-2)= 
Estimate of the residual or the variance accounted for 
S S R / I 
(SST - SSR) / (n-2) 
The computed value of F (1, n-2) is to be compared to an F or 
variance ratio table with 1 and (n-2) degree of freedom at 0.10 or 0.05 
significance level to determine whether a linear regression really exists or 
not that is whether the mean square explained by linear regression is large 
enough in comparison to the residual mean square to decide that the linearity 
of regression is due to a real effect rather than to random sampling. Hence if 
the resulting F value falls in the critical region we can conclude that the 
linear regression is significant and can be retained. In case of linear 
regression, practical significance is measured by the "squared correlation", 































































































































































































































































































































































Mean Seasonal and Annual Relative Humidity, Temperature and Wind Velocity 

























































































































































































Source: Computed From the Meteorological Data obtained from India Meteorological Department, Pune 
I. Relative Transition of Rainfall with Relative Humidity 
(i) Palam (Delhi) 
The atmospheric conditions over Palam station at Delhi remain dry 
during the greater part of the year. April and May are the driest months with 
the relative humidities of about 30 percent in the mornings and less than 20 
per cent in the afternoons. Humidity, however, is high in the monsoon 
months (Fig. 6.1). 
The mean monthly relative humidity range at Palam is 47.23 per 
cent with August recording 68.72 per cent being the rainiest month of the 
year and April 21.49 per cent. Such a situation conform to the atmospheric 
and climatic conditions prevalent at the stations (Table 6.1). 
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Table: 6.3 
Mean Monthty Transition in Relative Humidity, Rainfall and Wind Velocity at Palam 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department. 
Table: 6.3,1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at Palam 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mutual relationship between relative humidity and rainfall 
changes for the period 1957 till 2000 was analyzed and ANOVA was done. 
The 'F' statistic or variance ratio table at 1 and 42 degrees of freedom 
F(l,42) at 0.01 significance level is 7.3. The computed value for January, 
June, August and October are more than the critical value which explains 
that there is a significant difference between rainfall and relative humidity. 
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Mutual Relationship Between Mean Monthly Relative 
Humidity and Rainfall Transition at Palam (1957-2000) 
12 900 
Relative Humidity -A Rainfall 
Fie: 6.1.1 
Mutual Relationship Between Mean Monthly Relative 
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explained by considering the coefficient of correlation existing between the 
variables. It is important to note that the correlation coefficient is positive 
for all the months which means that a rise in rainfall shows an instant sign 
of increase in relative humidity. The highest average recorded rainfall is 
250.1 millimeters for August was complemented by an average relative 
humidity of 68.8 per cent, hence a strong correlation coefficient of 0.82. The 
rest of the months show moderate to weak relationship (Table 6.3.1, Fig. 
6.1.1). 
The positive relationship during the winter months is owing to the 
influence of the western disturbances, which are very strong in north India 
during this part of the year. The annual correlation coefficient is 0.205 with 
a 0.042 proportion of variance, which means that 4.2 percent of the total 
variance is explained in the correlation of rainfall and relative humidity at 
Palam. 
(ii) Safdarjung (Delhi) 
At Safdarjung the mean monthly range in relative humidity is 45.2 
per cent with the maximum of 66.68 per cent recording in August and 21.48 
per cent recording in April It is thus evident that the range is higher at 
Palam, but the over all monthly difference between the two stations is not 
very appreciable (Table 6.1). 
Table: 6.4 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The rainfall profile, here during 1957-2000 is slightly higher than 
that at Palam. Although the urban 'heat island' is known to cause more rain 
in its suburbs, this could not be the reason for slight departure from the 
annual rainfall at Safdarjung. 
Table: 6.4.1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at Safdarjung 





































































































Source; Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity between rainfall and relative humidity at 1 and 
42 degrees of freedom F(l,42) which is 7.3, finds the computed value of 
January, February, March, April, June, July, August, October, and 
December higher than the tabulated value of 'F' at 0.01 level. Hence, this 
explains that there is a significant difference between the linearity of the two 
variables. This can be well explained by considering the correlation 
coefficient for all the months (Table 6.4.1, Fig. 6.1.2). 
During the winter months this region is under the influence of 
western disturbances. Hence higher incidence of humidity in the form of fog 
which occurs due to the atmospheric stability and caused by the inversion of 
temperature. The rest of the months are highly dry. The correlation 
coefficient, for all the months shows a weak positive relationship with a 
negative correlation in September with a magnitude of -0.051. The annual 
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correlation coefficient is 0.235 which explains a 5.52 per cent variation of 
each variable with respect to the other (Table 6.4.1, Fig. 6.1.2). 
Of the two stations Safdarjung shows more variance than Palam. 
This can be reasoned out by observing the trend during the study period, 
which shows Safdarjung having more positive change in relative humidity 
with an annual rate of 6.093 per cent. On the other hand Palam has 
demonstrated a rather gradual rate of change with a negative change in some 
of the months during the monsoons and winters. The annual shows a very 
small rate of change at 0.925 millimeters for the study period (Table 6.3, 
Fig. 6.1). 
(iii) Colaba (Mumbai) 
The mean monthly relative humidity range at Colaba is 23.03 per 
cent with a maximum of 83.81 per cent recorded in July and 60.78 per cent 
being recorded in February. Both these characteristics are true to the 
climatic conditions prevalent in the respective months (Table 6.1). 
Table: 6.5 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at Colaba 




























































Source: Computed from the Meteorological Data obtained froiti India Meteorological Department, Pune 
The rainfall regime at Colaba is less than that at Santacruz by 5.62 
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Mutual Relationship Between Mean Monthly Relative 







1^  <,^4.^ ^^ ^^ 
h A A A-





- - 0 
-500 
I Relative Humidity -A Rainfall 
Fig: 6.2.1 
Mutual Relationship Between Mean Monthly Relative 
Humidity and Rainfall Transition at Santacruz (1951-1998) 
- - 2000 
2500 
-500 
Relative Humidity -A Rainfall 
Fig: 6.2.2 
198 
onwards there is a decline as the force of the south-west monsoon winds 
decreases and wanes out during the winter months. The relative humidity is 
considerably higher for all the months considering its location at the 
tapering head of the island with maritime influences from all sides, in 
contrast to Santacruz which is located further inland. 
Table: 6.5.1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at Colaba 






































































































Source: Computed from tlie Meteorological Data obtained from India Meteorological Department, Pune 
The linearity at 0.01 level of significance with F (1,46) shows 
anomaly for June, July, August, September and October. The correlation 
coefficient is moderate to weak positive relationship for all the months 
except March and April which are negatively associated, when the rainfall 
though negligible has a high percentage of humidity. The annual relation is 
varying at 13.69 per cent (Table 6.5.1, Fig. 6.2.1.) 
(iv) Santacruz (Mumbai) 
The insular location of Mumbai causes the winds, from over the sea, 
highly charged with moisture which tend to increase the relative humidity. 
The seasonal change sees December having the least so also in the rest of 
the winter months owing to the easterly winds from the land, thereafter the 
humidity increases owing to the rapidly increasing force and duration of the 
south-westerly winds which attains a maximum in July. During the monsoon 
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months a high and steady humidity prevails, fluctuating slightly in 
September. The cessation of southwest monsoon affects the humidity in 
October and the rest of the winter months owing to the increasing force of 
dry northeast winds. 
Table: 6.6 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean monthly relative humidity range at Santacruz is 35.26 per 
cent with a maximum of 82.09 per cent recorded in July and a minimum of 
46.83 per cent in February. The nature of variation is a characteristic of the 
climatic conditions present during the time of year. Santacruz has greater 
range than Colaba (Table 6.1). The average rainfall has shown a steady 
increase with a high of 832.9 millimeters in July, thereafter there is a steady 
decline with a large reduction in October and other months. 
The linearity of regression between the two variables at 1 and 46 
degrees of freedom F (1,46) whose tabulated value is 7.3 shows anomalies at 
0.01 level for June, July, August, September, October, November and 
December which explains there is significant difference between the two 
variables. The correlation coefficient is a weak positive relationship for all 
the months except March which shows a negative relation at -0.108. June, 
July, August, September, November and December show a very high 
percentage of variation (Table 6.6.1, Fig. 6.2.2). 
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Table: 6.6.1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at Santacruz 





































































































Source: Computed firom the Meteorological Data obtained from India Meteorological Department, Pune 
Between the two stations the rate of change of relative humidity is 
less at Colaba than at Santacruz. The correlation coefficient though 
positively associated for both the stations is relatively weaker for Santacruz 
than at Colaba. For both September demonstrates the strongest association 
(Table 6.5.1 / 6.6.1). This is the period when the force of the south-west 
monsoon is on the decline so also the relative humidity and the average 
windspeed. Hence, the association is reasonable. 
(v) Kolkata (Kolkata) 
Kolkata is a bridgehead city that is slightly inland but has maritime 
influences. August receives the maximum amount of rainfall and the average 
annual rainfall is 1,582 mm (WHO, 1971).^  In the absence of breeze and the 
layer of warm air which often forms over Kolkata, it prevents the smoke and 
dust laden air from rising and dispersing. Hence a high percentage of 
humidity prevails all round the year. 
WMO (1971), Ciimatological Normals (CLINO) for Climate and Climateship Stations 
for the period 1931-1960, No. 117, World Meteorological Organization, Geneva in 
Kumar & Singli (2001), Urban Development & Anthropogenic Climate Change, Manak 
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Mutual Relationship Between Mean Monthly Relative 
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Fig: 6.3.1 
Mutual Relationship Between Mean Monthly Relative 
Humidity and Rainfall Transition at Dum Dum (1951-1998) 




Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at Kolkata 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
At Kolkata the range is 32.28 per cent with a maximum of 82.5 per 
cent recorded in August and a 50.22 per cent conditions present during that 
time of year (Table 6.1). The average rainfall during the study period (1951-
1998) shows a steady increase till the monsoons and no month is rainless. 
July and August received an average of 344.3 millimeters and 319.1 
millimeters each respectively. The relative humidity has remained high and 
particularly during the two months at 81.31 per cent and 82.25 per cent 
respectively (Table 6.7, Fig. 6.3.1). 
Table: 6.7.1 
Correlation between Relative Humidity, Rainfall and Wind Velocity at Kolkata 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The tabulated value of F statistics at 1 and 46 degrees of freedom is 
7.3 but the computed values for February, April, June, July, October and 
November are higher. Therefore there exists significant difference between 
the two variables at 0.01 level of significance. The correlation coefficient 
which is positive for all the months with annual showing a very little 
variation of only 3.68 per cent (Table 6.7). 
(vi) Dum Dum (Kolkata) 
At Dum Dum the range is 32.18 per cent with a maximum of 82.80 
per cent in August and 50.62 per cent in March. The situation is true to the 
climatic conditions prevalent at that time of year. Amongst the two stations 
Dum Dum has recorded a slightly higher range than Kolkata (Table 6.1). 
Table: 6.8 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at 1 




























































Source; Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The outlying suburban meteorological station at the air port shows 
very little difference in both the rainfall and humidity regimes with regard to 
Kolkata. Although the rainfall regime is slightly higher at Kolkata than at 
Dum Dum. 
The F statistics shows higher values for January, February, May, 
June, July, August, September, October, November at 0.01 level of 
significance. Hence their exists significant difference between the two 
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variables for these months. The correlation coefficient for all the months 
demonstrates a moderate to weak relationship with the annual showing a 
11.83 per cent variation (Table 6.8.1, Fig. 6.3.2). 
Table: 6.8.1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The rate of change of relative humidity is greater for Kolkata than 
for Dum Dum, and the annual demonstrates a greater rate of change at 
Kolkata than at Dum Dum (Table 6.8.1, Fig. 6.3). 
(vii) Nungambakkam (Chennai) 
Table: 6.9 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at 
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Mutual Relationship Between Mean Monthly Relative Humidity 
and Rainfall Transition at Nungambakkam (1965-1998) 
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Chennai which has developed as a port city on the eastern coast of 
India. It is under direct influence of the tropical sea. At Nungambakkam the 
range is 13.39 per cent with a maximum of 76.24 per cent in November and a 
minimum of 62.85 per cent in June. 
Table 6.9.1 
Correlation Between Relative Humidity, Rainfall and Wind Velocity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The F statistic at 1 and 32 degrees of freedom at 0.01 level of 
significance is 7.6. The computed value for January, July, August, October, 
November and December are more than the tabulated value, which explains 
that there is a significant difference between the two variables, or linearity 
does not exist between the two during these months. The correlation 
between the two is a weak to moderate positive association with a weak 
negative association during March. Chennai being situated on the sea, under 
its direct influence, therefore the humidity is relatively high throughout the 
year, whereas it receives its bulk of the rains from the retreating north east 
monsoons. The percentage variance at 44.48 percent for December shows a 
positive association on the rate of change of rainfall during this month in 
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relation to humidity decrease as well. The annual shows a 11.15 per cent 
variance (Table 6.9.1, Fig. 6.4.1). 
(viii) Minambakkam (Chennai) 
At Minambakkam the range is 17.88 per cent with a maximum of 
73.85 per cent in November and 55.97 per cent in June (Table 6.1). 
Table: 6.10 
Mean Monthly Transition in Relative Humidity, Rainfall and Wind Velocity at 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The 'F' statistic shows significant difference for January, February, 
June, July, August, September, October, November and December. The 
correlation coefficient between the two shows a weak to strong positive 
relation for all the months. December shows the maximum variance of 40.57 
percent with the annual variance of 14.21 percent (Table 6.10.1, Fig. 6.4.2). 
The association between rainfall and relative humidity at both the 
stations are positive but Nungambakkam has more humidity as compared to 
Minambakham which is 5.63 per cent higher, which could be reasoned 
keeping the closeness of Nungambakkam to the sea in view, although 
Minambakkam which is situated outside the city in an open area with a 
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small hillock in the vicinity, which may be the physical barrier to 
rainbearing clouds, and inducing more orographic rains. 
Table: 6.10.1 
Correlation Belween Relative Humidity ,Rainfall and Wind Velocity at Minambakkam 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
II. Relative Transition of Temperature with Relative Humidity 
(i) Palam (Delhi) 
The mean maximum daytime temperature for Palam is reasonably 
high with the relative humidity ranging between 21.5 per cent for April to 
68.8 per cent for August. The mean maximum temperature trend for Palam 
is both negative and positive, so also the rate of change in relative humidity. 
The seasonal trend during winter has a -0.264°C transition for temperature 
while the transition in relative humidity for the same season is 4.022 
percent. A summer trend of-0.258°C complements a 2.991 per cent relative 
humidity transition whereas a OAlTC transition during the monsoons has a 
relative humidity transition of-0.586 per cent (Table 6.2, Fig. 6.1.3) which 
denotes that a decline is temperature trend supports increased humidity, 
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by lowering the saturation point, whereas a higher temperature regime 
dessicates moisture from the atmosphere and hence lower relative humidity. 
Table : 6.11 
Mean Monthly Relative Humidity and Temperature Transition at Palam 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
As in the earlier analysis the tabulated value of 'F' statistics at 1 and 
42 degree of freedom is 4.3 at 0.01 level of significance. The computed 
values are higher for March, April, May, June, July, August, September, 
October, December andA-nnual, which indicates that when the estimated 
value is more than the tabulated value there is a significant difference 
between the two variables, that is the temperature and relative humidity for 
Palam. This can be explained further in the light of their coefficient of 
correlation, which is a strong to weak negative relation for all the months 
(Table 6.11.1). This indicates that with the change in season and temperature 
there is not a significant or marked change in relative humidity. Hence the 
day temperature and relative humidity do not hold any positive relationship. 
The annual correlation coefficient is -0.535 which is a weak negafive 
association between mean maximum temperature and relative humidity and 
shows a 0.286 coefficient of determinafion which in turn explains a 28.62 
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per cent of the total variance between the two variables. The mean minimum 
night time temperature for Palam has remained low during the winter 
months with January recording an average 6.6°C and the average for 
summer was as high as 27.6°C for June. 
Table: 6.11.1 
Correlation Between Relative Humidity and Temperature at Palam Meteorological 
Station (1957-2000) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The relative humidity has remained high in all the months except 
March through June. The seasonal nocturnal trend shows a 2.469''C 
transition with a relative humidity transition of 4.022 per cent. Similarly for 
summers there has been a 2.259°C transition in temperature with a 2.991 per 
cent increase in relative humidity. So in the above transition it is clear that 
both the temperatures and relative humidity has increased. There is every 
probability of warmer nights as water vapour helps in trapping the long 
wave terrestrial radiation. The same is during monsoons with an increased 
temperature trend of 0.706°C and a declining relative humidity trend by 
-0.586 per cent (Table 6.2, Fig. 6.1.4). Now, here too the night can be 
expected to be warmer, as the builtup moisture in the atmosphere during the 
rainy season will help in having more sultry conditions, for a place like 
Pal am. The 'F' statistic for January, February, July, August, November are 
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higher than the tabulated value which explains that there is significant 
difference between the two variables. The correlation coefficient shows a 
weak positive relationship for January, February, April, September, October, 
November and December. The other months have weak negative 
association. The annual correlation coefficient is 0.382 and the coefficient of 
determination is 0.145 which explains a 14.59 per cent variance between the 
two variables (Table 6.11.1). 
(ii) SafdarjuMg (Delhi). 
The trend of mean maximum temperature during 1957-2000 at 
Safdarjung is resembling with that of Palam. The incoming insolation in a 
region being the same, hence, the day temperatures rarely vary with 
location. The winters and summers have a declining trend of -0.394°C to 
-0.060°C respectively, with an increase in relative humidity by 8.526 
percent and 5.680 per cent respectively. Monsoon has recorded an increase 
in relative humidity at 3.358 per cent with the temperature declining at 
-0.262°C (Table 6.2, Fig. 6.1.5). 
Table: 6.12 































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The F test for linearity between mean maximum temperature and 
relative humidity shows significant difference for February, March, April, 
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Mutual Relationship Between Mean Monthly Relative 
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May, June. July, August, December and Annual which are higher than the 
tabulated value. There exists significant difference between the two 
variables. The correlation coefficient for all the months shows a weak 
negative relationship except for September showing a positive relationship 
of magnitude 0.021 with a 0.04 per cent variation between the two variables. 
The annual correlation coefficient is negatively related at -0.518 with a 
26.83 per cent variation between the two variables (Table 6.12.1). 
Table: 6.12.1 
Correlation Between Relative Humidity and Temperature at Safdarjung 
Meteorological Station (1957-2000) 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean minimum (nighttime) temperature transition at 
Safdarjung is lower than at Palam and the annual temperature transition at 
Safdarjung is lower by 1.686"C. This can be explained due to the occurrence 
of 'heat island' phenomenon at Palam. The nocturnal trend has a 0.349°C 
temperature transition with a 8.526 per cent positive transition in 
relative humidity, during winters. Summers have a declining trend of 
-0.116°C at a 5.680 per cent positive transition in relative humidity. This 
proves that with higher temperature and relative humidity transitions winter 
nights are warmer. Monsoon with a temperature transition of 0.512°C 
coupled with a positive transition of 3.582 (Table 6.2, Fig. 6.1.6) per cent 
relative humidity also demonstrates the prevalence of more sultry and 
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uncomfortable conditions at Safdarjung as compared to Palam. It may be 
noted that Safdarjung station is towards the core of the city while Palam 
station is towards its periphery. 
The F ratio shows a significant difference for January, March, June, 
July, August. The correlation coefficient shows an overall weak relationship, 
with a negative for some of the summer months. The annual relationship has 
a magnitude of 0.387 which is explained by a variation of 14.97 per cent of 
each variable with respect to the other (Table 6.12.1). 
The behaviour of two stations is identical for as regards the 
temperature transition although the rate of change of mean minimum 
temperature is high at Palam with a low rate of transition in relative 
humidity (Table 6.11), and also a high prevalence of it at Palam, enhances 
the chances of a more developed 'heat island intensity' than at Safdarjung 
which although located in a busy thoroughfare and erstwhile suburb, has 
well developed green belts and open gardens to affect the heat intensity. 
(iii) Colaba (Mumbai) 
Table: 6.13 
Mean Monthly Relative Humidity and Temperature Transition at Colaba 



























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean maximum temperature for Colaba is uniformly high 
throughout the year with a 1.9°C range between winter and summers. As the 
2t9 
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relative humidity too is iiigh there is a high propensity of an enhanced heat 
island intensity, but such a hypothesis is nullified due to the presence of 
steady cool onshore winds. 
The mean maximum temperature trend for Colaba is both positive 
and negative so also the transition in relative humidity (Table 6.13, Fig. 
6.2.3). The seasonal trend during winters has a 0.432°C increase, with a 
relative humidity transition of-0.885 per cent, due to the prevalence of dry 
land breezes, the decrease in relative humidity may be thus asserted. The 
transition during summers was a 0.157°C with a 0.648 per cent transition in 
relative humidity. Likewise for monsoons there has been an increasing trend 
of 0.497°C at a 0.763 per cent transition of relative humidity (Table 6.2). 
Colaba has a more equable climate round the year due to its strong marine 
influences. Hence an increasing temperature transition. 
Table: 6.13.1 
Correlation Between Relative Humidity and Temperature at Colaba Meteorological 
Station (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The linearity ratio F (1,46) shows significant difference for January, 
April, June, July, August, September and October at 0.01 level of 
significance. The correlation coefficient shows negative relationship for 
most of the months except January, February and March as their 
temperatures correspond to low humidities (Table 6.13.1). 
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The mean minimum temperatures are both positive and negative 
transitions. The nocturnal regime too is showing a similar trend in 
temperature at the same relative humidity transition. The -0.202''C winter 
temperature transition is coupled with a -0.885 per cent relative humidity. 
The same is true for summers with a -0.165'^ C transition at 0.648 per cent 
transition in relative humidity (Table 6.2, Fig. 6.2.4). This presents a 
heightened and more uncomfortable summer nights although there is very 
slight decline in temperature, there is higher prevalence of relative humidity. 
The monsoons with a 0.247°C transition alongwith 0.763 per cent relative 
humidity transition may be the cause for more sultry and uncomfortable 
nights at this station with a positive trend in both the variables. 
The linearity ratio F (1,46) shows anomaly for June, July, August, 
September and November at 0.01 level of significance. The correlation 
coefficient is moderate to weak negative relation for all the summer months. 
The rest have a weak positive relation. A 52.85 per cent variation for June 
and 28.62 per cent variation for July suggests that there is very little 
association between the two variables (Table 6.13.1). 
(iv) Santacruz (Mumbai) 
Table : 6.14 
Mean Monthly Relative Humidity and Temperature Transition at Santacruz 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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As per the location of the city in a tropical region the mean maximum 
temperature for the entire year is relatively high with a general uniformity in 
temperature together with very small fluctuations. As mentioned earlier the 
island city has winds blowing in from the sea which bring additional moisture, 
hence the relative humidity is fairly high throughout the year, although it gets 
less saturated with the march of temperature or due to the onset of northeasterly 
and easterly land winds. 
Table: 6.14.1 
Correlation Between Relative Humidity and Temperature at Santacruz Meteorological 
Station (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean maximum temperature trend during winters which is 
0.480°C with a corresponding 1.618 per cent transition in relative humidity. 
The summer trend of 0.047°C is coupled with 1.477per cent transition of 
relative humidity. The monsoons have presented a 1.041°C temperature 
transition with -0.387 per cent transition in relative humidity (Table 6.2, 
Fig. 6.2.5). Thus the overall trend in both the variables has shown an 
increase with decrease in relative humidity during monsoons. Since, relative 
humidity is a function of both moisture and evaporation, the evaporation in 
all the months has shown a decline. Hence it is less than normal during the 
rainy season with reduced relative humidity. 
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The test of linearity for the two variables shows higher computed 
values for February, March, June, July, August, September, October than the 
tabulated value of 7.3. Hence there exists significant difference between the 
variables in these months at 0.01 level of significance. The correlation 
demonstrates moderate to weak negative relationship for all the months. The 
annual relationship at -0.33 shows a 10.89 per cent variation of one with 
respect to another (Table 6.14.1). 
The mean minimum temperature for Santacruz has remained 
moderate owing to the influences of the sea breeze, which is also 
responsible for inducing a high rate of humidity. The mean minimum 
temperature regime has demonstrated an increasing trend in all the seasons. 
The winters have shown a 1.438 °C transition at 1.618 per cent transition in 
relative humidity. Thus the winter nights are warmer at Santacruz with 
increased relative humidity. The summer trend of 1.162°C complements a 
relative humidity transition of 1.477 per cent. The monsoons have a 1.115°C 
transition at -0.387 per cent relative humidity transition (Table 6.2, Fig. 
6.2.6). The decrease in relative humidity is also due to its location, as more 
interior location promotes dryness as compared to Colaba which is right on 
the sea, and has higher relative humidity during this season. 
The test of linearity between the two variables shows higher F 
statistic for January, June, July, November and December. This can be 
explained with the help of coefficient of correlation which shows a moderate 
to weak negative relationship during the monsoon months. The difference 
between the two variables is highest in November with a 53.29 per cent 
variation between the two because although the temperature has decreased 
the relative humidity has not decreased by that proportion (Table 6.14.1). 
Both the stations show almost similar linear behaviour between the 
two variables, although Santacruz has more inverse association of both day 
time and nocturnal temperatures than Colaba, this is true to their location. 
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As Santacruz has more inland location on the island than Colaba. So it 
experiences greater dryness, whereas Colaba is constantly under the 
influence of rnoistureladen marine breezes. 
(v) Kolkata (Kolkata) 
Seasonal humidity is dependent on the character of the prevailing 
wind modified by the march of temperature. Variation in temperature is a 
leading factor in deciding the dryness or saturation of the air. 
Table : 6.15 
Mean Monthly Relative Humidity and Temperature Transition at Kolkata 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Considering the seasonal change the month of March shows the 
lowest relative humidity at 47.3 per cent which is the transitional month 
heralding summers, with the mean maximum temperature of 33.8°C, from 
which there is a steady increase in temperature till May, then a rapid 
decrease in temperature owing to the influence of the monsoon rains and 
thereon the winters. 
The mean maximum temperature during winters has shown a 
transition of-1.11J°C with a relative humidity transition of 8.897 per cent. 
The summers had a -1.716°C transition with 7.382 per cent relative 
humidity transition. The monsoons had a 0.255°C transition with a 1.143 per 
cent transition in relative humidity (Table 6.2, Fig. 6.3.3). 
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Correlation Beitween Relative Humidity and Temperature at Kolkata Meteorological 
Station (1951-1998) 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,46) between the two variables at 0.01 
level of significance shows higher values for February, March, April, June, 
August, September, October and Annual which demonstrates significant 
differences between temperature and relative humidity. The coefficient of 
correlation has demonstrated a considerable negative relation in all the 
months except for November where there is a weak positive relation at 
0.003. The annual relation is varying at the rate of 30.47 per cent (Table 
6.15.1). 
The mean minimum temperature for winters showed a 0.496°C 
transition with 8.897 per cent transition in relative humidity. The summers 
recorded a -0.061°C at 7.382 per cent transition in relative humidity, and 
monsoon has recorded a 0.194°C transition at 1.143 per cent transition in 
relative humidity (Table 6.2, Fig. 6.3.4). 
The mecin minimum temperature at Kolkata is reasonably high, and 
this in combination with high rate of humidity may be held responsible for 
enhanced heat island intensity, with greater frequency of calms. The 
linearity of the relationship between the two variables shows higher values 
for June, November, December and Annual at 0.01 level of significance. 
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Thus there exists significant difference between the two variables for these 
months. The correlation coefficient is a weak negative relation during the 
summer months, and moderate positive relationship in winter. The annual is 
also weakly positive with a 15.28 per cent variation at 0.01 level of 
significance (Table 6.15.1). 
(vi) Dum Dum (Kolkata) 
Table : 6.16 
Mean Monthly Relative Humidity and Temperature Transition at Dum Dum 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Since seasonal humidity is dependent on the character of the 
prevailing wind modified by the march of temperature. In Kolkata the wind 
system is rather slow with prevalence of more calm days. This condition 
along with high mean maximum temperature amplifies the humidity 
condition with little chance for their dispersal, this inturn magnifies the 
urban heat island intensity. 
The mean maximum temperature during winters has shown a 
declining trend at -0.823°C with a transition in relative humidity of 4.446 
percent. The summers have recorded a decline of-0.957°C at a 3.766 per 
cent transition in relative humidity. Monsoons at 0.917°C demonstrated a 
transition of 1.493 per cent (Table 6.2, Fig. 6.3.5). Thus the daytime regime 
at Dum Dum for all the seasons is milder than at Kolkata. 
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Table: 6.16.1 
Correlation Between Relative Humidity and Tempera ture at Dum Dum 
Meteorological Station (1951-1998) 




































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune. 
The linearity for the two variables vary significantly at F (1,46) for 
March, April, May, June, September, October at 0.01 level of significance. 
The correlation coefficient for all the months shows a negative relationship 
with the annual having a magnitude of -0.301 which explains an inverse 
variation of temperature with respect to relative humidity at 9.06 per cent 
(Table 6.16.1). 
The mean minimum temperature for Dum Dum is considerably high 
for all seasons. The trend for Dum Dum has a transition of 0.762°C at a 
4.446 per cent transition in relative humidity. Thus, there is enough 
evidence that the winter nights are warmer at Dum Dum. The summer trend 
of O-OSQ^ C is complemented by a transition of 3.766 per cent in relative 
humidity, which also confirms the evidence of warmer summer nights. The 
monsoon season has a transition of 0.150°C at 1.493 per cent transition in 
relative humidity (Table 6.2, Fig. 6.3.6). Thus from the above trend it may 
be drawn that the nights are warming up at Dum Dum, with an increased 
intensity during winters. The test of linearity between mean minimum 
temperature and relative humidity provided by F (1,46) prove anomalous for 
June, July, August and October at 0.01 level of significance. The correlation 
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coefficient shows both positive and negative weak relationships. August has 
the highest inverse variation of 22.09 per cent. The annual variation is an 
inverse of 5.71 per cent (Table 6.16.1). 
The maximum average temperature profile at both the stations is 
more or less uniform owing to the insolation, but the difference is 
discernible for the mean minimum temperatures which at Dum Dum is less 
by 7.1°C. The mean monthly trend for relative humidity is higher at Kolkata 
than at Dum Dum. Hence, with both high nocturnal temperature and relative 
humidity, there is every possibility of the existence of an enhanced urban 
heat island at Kolkata. This makes the life of people in the city 
uncomfortable during summer nights with more demand for energy. 
(vii) Nungambakkam (Chennai) 
The average temperature at Chennai is high throughout the year 
owing to its closeness both to the sea and the equator. The mean maximum 
temperature is high with May and June experiencing the highest average 
temperature of .36.8°C with a high relative humidity also throughout the 
year. 
Table: 6.17 
Mean Monthly Relative Humidity and Temperature Transition at 




























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The mean maximum temperature transition of 1.063°C with a 
-1.307 per cent transition in relative humidity, is proof enough of the onset 
of dry conditions during winters. The summer transition of 0.733°C coupled 
with -2.164 per cent relative humidity transition figures out that summers 
tend towards relative dryness. A monsoonal trend of 0.457°C at -2.075 per 
cent relative humidity suggests a marked decrease in relative humidity for 
Nunganbakkam (Table 6.2, Fig. 6.4.3). As these months are dry for Chennai, 
which receives rains from the retreating monsoons during October and 
November. 
Table: 6.17.1 








































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,32) shows higher computed value of 
July, September, October where there exists significant difference between 
the two variables. The correlation coefficient is a weak to moderately 
negative association. This association shows very small variance of 26.41 
percent for July and annual still smaller by 9.06 percent (Table 6.17.1). 
The mean minimum temperature is also high for night time 
temperatures throughout the year. The trends for winter season has a 
0.638°C at -1.307 per cent relative humidity transition which suggests a 
nocturnal warming for Nungambakkam. A summer transition of 0.918°C at a 
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-2.164 per cent relative humidity transition suggests dry summers which 
often has drought conditions. A monsoonal regime with 0.755°C transition 
at a -2.075 per cent relative humidity transition suggests that the station is 
warm all round the year, with prevailing dry conditions (Table 6.2, Fig. 
6.4.4). 
The test of linearity figures shows differences for January, February 
and December. The correlation coefficient is both a negative and positive 
association. There exists moderately positive association during the winter 
months, but the rest of the months all show negative association. December 
has a positive association with a 29.37 per cent variance and the annual 
shows very small percentage variance of 3.496 per cent. Thus, from above it 
is but clear that the nocturnal temperature change is not being influenced by 
relative humidity, except during winters which is the wet humid season for 
Chennai, whereas the daytime temperature has completely negated its 
influence (Table 6.17.1). 
(viii) Minambakkam (Chennai) 
Table : 6.18 
Mean Monthly Relative Humidity and Temperature Transition at 



























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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Minambakkam located at the southwest suburb of the city is an open 
land with major transport network connecting the city to the airport. The 
mean maximum temperature is high in all the months. The mean maximum 
temperature during winters has shown a transition of 0.908*^ 0 coupled with a 
relative humidity transition of 1,928 per cent. The same for summers has a 
transition of 0.361°C with the relative humidity transition of 2.721 per cent. 
The above suggests that the winters are dry, but summers are increasingly 
humid. The monsoon season has a transition of 1.13^ per cent at 0.233°C 
(Table 6.2, Fig. 6.4.5). It suggests that Minambakkam is more humid 
compared to Nungambakkam. 
Table: 6.18.1 
Correlation Between Relative Humidity and Temperature at Minambakkam 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The F Statistic at 1 and 32 degrees of freedom is 7.6 and the 
calculated value is above it for July and August. Hence there is significant 
difference between the two at 0.01 level of significance. The correlation 
coefficient has both positive and negative association. August is having an 
inverse association with 38.31 percent variance, and annual with a very 
small variance of 4.84 percent (Table 6.18.1). This association is true as 
higher temperature induces more dryness. 
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The mean minimum temperature trend for winters is 0.573°C at 
1.928 per cent, suggesting a dry and warm winter night. The summer trend 
of 0.218°C complements a 2.721 per cent relative humidity, which gives 
evidence of warmer more stuffy and uncomfortable summer nights. The 
monsoon season at a 0.314°C temperature transition at a 1.138 per cent 
(Table 6.2, Fig. 6.4.6) relative humidity transition suggests very humid and 
hot nights during the monsoon. 
The coefficient of correlation shows significant difference between 
the variables in most of the months. There exists linearity in April, May, 
August, October and the Annual, the rest of the months show significant 
difference. The correlation coefficient is both negative and positive weak to 
strong association. December has a positive association with a 55.21 percent 
variance, annual shows very small percentage variance of 5.11 percent 
(Table 6.18.1), The positive relation during winter months, again points to 
the fact that as these temperature transition has remained high via-a-vis the 
relative. On the contrary in the hot summer nights when the temperatures are 
still high there is a dessicating effect on atmospheric relative humidity. 
Between the two stations Nungambakkam has greater average 
temperature than Minambakkam, where there is greater negative association 
between the two variables than at Minambakkam. Nungambakkam being the 
station at the city, it experiences more dessication and therefore less of 
humidity will prevail than that at the outer suburb. Thus the results are 
reasonable for both the stations at Chennai. 
III. Relative Transition of Wind Velocity with Relative Humidity 
(i) Palam (Delhi) 
The wind velocity at 2 metre height for Palam is ranging between an 
average speed of 5.74 kilometers per hour to 16.9 kilometers per hour. 
Winters are generally calm with light wind speeds of 5.99 km/hr in 
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December to 12.4 km/hr. in February. Owing to the dry winter winds, tlie 
relative humidity has remained at 50.13 per cent in December, 49.34 per 
cent in January and 40.8 percent in February. This is because of the 
atmospheric lapse rate, which during this time of the year experiences an 
inversion of temperature. Hence, reduced vertical turbulence and less 
dispersion of moisture due to low speed and the enhanced humidity and the 
incidence of fog in December to early January. Summers between April to 
June is the period with the highest incidence of thunderstorms and 
duststorms and spells of dry period. Hence, the relative humidity is 
considerably reduced. 
The trend of wind velocity transition during winters was -2.059 
km/hr at the corresponding relative humidity transition of 4.022 per cent. 
During summers the same was -4.002 km/hr at 2.991 per cent transition and 
the monsoon saw a still further decline in transition in wind velocity at 
-3.189 km/hr with a relative humidity transition of-0.586 per cent (Table 
6.2, Fig. 6.1.7). The F statistics for May, June, July, August and September 
are higher than the tabulated value of F (1,42), which explains that there is 
significant difference between the variables at 0.01 level of significance. 
The coefficient of correlation is negative for most of the months 
with weak positive correlation for January, November and December. The 
annual correlation coefficient is -0.104 which shows a weak negative 
association between the two variables. The coefficient of determination is of 
a magnitude of 0.0108 which explains a 1.08 per cent of the total variance 
between the wind velocity and relative humidity during the study period 
(Table 6.3.1). 
(ii) Safdarjung (Delhi) 
Both relative humidity and wind velocity during 1957-2000 for the 
densely builtup city area, that is, Safdarjung is far less than the open space 
at Palam station. Owing to its location close to the core of the city with busy 
2ko 
thoroughfare and the build of the landscape which the city represents may be 
held responsible for this change. 
The trend in the wind velocity transition during winters was a 
-4.658 km/hr with the corresponding relative humidity transition of 8.526 per 
cent. The summer trend shows a further slowing of the wind velocity at -7.296 
km/hr with the corresponding relative humidity of 5.680 per cent. The 
monsoons experienced a little rise in wind velocity at a transition of -5.145 
km/hr, with the relative humidity transition remaining high at 3.532 per cent 
(Table 6.2, Fig. 6.1.8). On observing the test of linearity at F (1,42) for 
February, March, May, June, July, November and December and Annual are 
higher than the tabulated value at 0.01 level of significance. Hence, there is 
a significant difference between the two variables during these months. The 
correlation coefficient for all the months is showing a weak negative 
relationship. The annual relation shows a correlation coefficient of-0.478 
magnitude with a coefficient of determinafion of 0.228 which explains a 
variation of 22.84 per cent by one variable with respect to the other (Table 
6.4.1). 
On comparing the two stations, Safdarjung has a weaker and 
negative relationship than Palam, which is again a reflection of their micro 
climate being influenced by their location, and also the trend in wind 
velocity which is highly reduced at Safdarjung due to higher builtup hurdles 
than at Palam. 
(ill) Colaba (Mumbai) 
The average wind velocity at Colaba is far less than at Santacruz. 
This could be another reason behind a high degree of relative humidity than 
at Santacruz. The relative humidity transition at Colaba during winter shows 
a decline by -0.885 per cent with a wind velocity transition also showing a 
decline by -6.541 km/hr. The summers have recorded a wind velocity 
decline by -8.187 km/hr coupled with a positive relative humidity transition 
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of 0.648 per cent, which points that under such weather conditions, the 
summers are highly uncomfortable. During the monsoons the wind velocity 
at a transition of-8.009 km/hr with a 0.763 per cent relative humidity shows 
that Colaba is highly humid as compared to Santacruz during this weather 
(Table 6.2, Fig. 6.2.7). 
The test of linearity at F (1,46) is significant for all the months at 
0.01 level of significance. The correlation coefficient is both weakly 
positive and negative. The percentage variance is highest in July with 10.95 
percent (Table 6.5.1). This may be reasoned to the almost uniform wind 
velocity for all the months whereas there is a sharp increase in the total 
relative humidity for the month at 84 per cent. 
(iv) Sanctacruz (Mumbai) 
The prevailing winds from the sea increase the relative humidity 
whereas those from the dryland decrease it. The nature of wind direction at 
Mumbai is easterly during the winter months and south-westerly during the 
monsoon season whose full force is attained in July and high and consistent 
humidity prevails. 
The trend of wind velocity during winter months shows a decline by 
-6.757 km/hr at the corresponding relative humidity transition of 1.618 per 
cent, which readily points to the fact that a lowering of wind velocity will 
decrease turbulence and help in increased relative humidity. During the 
summer months the wind velocity transition further declined to a -9.176 
km/hr with an increase in the relative humidity transition of 1.477 per cent. 
Thus, the prevailing weather will make life rather stressful. The monsoon 
with a -9.217 km/hr transition with a relative humidity transition of-0.387 
per cent points that although the wind velocity has slightly increased in 
comparison to the previous season it only denotes that a reduction in relative 
humidity holds that the wind system might be instrumental in mixing and 
blowing away the moisture (Table 6.2, Fig. 6.2.8). 
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The linearity at F (1,46) was significant for all the months except 
July. The correlation coefficient is showing a very weak association for all 
the months with both positive and negative relationship, the annual 
relationship shows a wind velocity transition of-0.134 with a variation of 
1.79 per cent (Table 6.6.1). Thus this weak relationship may be attributed to 
the consistency of the wind velocity and dispersal of the humidity, although 
temperature is uniform throughout the year. The correlation coefficient has 
more negative association for Colaba than at Santacruz. As the average 
relative humidity at Santacruz has been consistent with the average wind 
velocity, whereas at Colaba an increase in relative humidity has been 
consistent with a more or less uniform wind velocity, which is also less than 
that at Santacruz. 
(v) Kolkata (Kolkata) 
The wind velocity within the city of Kolkata is ranging between an 
average velocity of 1.8 kilometers per hour during the winter months to an 
average of 9.93 kilometers per hour during the summer months when the 
land is fairly hot with low thermal pressure prevailing on land. The relative 
humidity is relatively moderate to high through winters, summers and the 
monsoons. 
The transition in wind velocity at Kolkata is showing an overall 
decline. The winter transition was -0.310 km/hr with the relative humidity 
of transition of 8.897 millimeters. Thus a decline in wind velocity, harbours 
more humidity, during winters. The summer transition of -3.025 km/hr 
correspond with a relative humidity transition of 7.382 per cent, which is 
just the condition conducive to generate and develop a strong heat island. 
During monsoons a -1.784 km/hr transition in wind velocity, in keeping 
with the 1.143 per cent increase in relative humidity has illustrated that the 
relative humidity which is increasing in all the seasons at Kolkata in keeping 
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with low wind velocity induces, greater possibility of enhanced heat island 
(Table 6.2, Fig. 6.3.7). 
The F (1,46) test of linearity between the two variables finds all the 
months significant at 0.01 level except for annual results which is not 
significant at 0.01 level. The correlation coefficient for all the months has 
both negative and positive relationships (Table 6.7.1). The annual shows an 
inverse variation by 22.56 per cent, Kolkata has moderate north-westerly to 
north easterly winds prevailing for most of the year with a high frequency of 
calms. 
(vi) Dum Dum (Kolkata) 
Both the wind velocity and relative humidity are higher at Dum 
Dum owing to its outlying location. The wind velocity transition at Dum 
Dum has also similar transition as at Kolkata. The winter trend of-0.874 
km/hr with the relative humidity transition of 4.446 per cent has less 
pronounced humidity conditions than at Kolkata. The summer transition of 
-8.614 km/hr with a relative humidity transition of 3.766 per cent has yet 
another conformal condition to the development of a heat island during the 
season. During the monsoons with a -5.577 km/hr wind velocity with the 
corresponding relative humidity of 1.493 per cent supports the trend of one 
another (Table 6.2, Fig. 6.3.8). Between the two stations Kolkata has the 
right conditions prevailing for an enhanced heat island intensity in all the 
seasons. 
The computed value of F (1,46) ratio of test of linearity between the 
two variables is significant at 0.01 level for all the months except for Annual. 
The correlafion coefficient have weak positive relationship during March, 
April and October, the rest of the months demonstrate a weak negative 
relationship with the annual showing a 17.38 per cent variance (Table 6.8.1). 
Such a prevalence of negative relationship can be attributed to the greater 
frequency of calm conditions. 
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As both the wind velocity and relative humidity is higher at Dum 
Dum and the rate of change of wind velocity is less at Kolkata than at Dum 
Dum, compared to rate of change of humidity. This again is the reflection of 
the existing temperature regime at the two stations, which to a greater 
degree influences the climatic conditions of a place. Hence, under such 
conditions it very well supports the doctrine of the 'urban heat island 
intensity' existing at Kolkata, with weakening winds and hightening 
humidity. 
(vii) Nungambakkam (Chennai) 
The wind velocity at 2 meters height for Nungambakkam is ranging 
between an average speed of 4.79 kilometers per hour to 7.8 kilometers per 
hour. There is generally light wind blowing for the rest of the year with no 
season exhibiting strong winds except during the cyclones, which usually 
occur during rains in winter. The coast of Tamil Nadu remains relatively dry 
during the southwest monsoon period. This is because the Tamil Nadu coast 
lies in the rainshadow area of the Arabian sea current and is parallel to the 
Bay of Bengal current. The wind direction is highly variable with seasons. 
The wind velocity transition at Nungambakkam during winters 
shows a decline by -0.909 km/hr with a relative humidity transition of 
-1.307 per cent, which shows clear linear conditions existing between the 
two variables in the season. The summer transition shows -1.155 km/hr 
wind velocity transition with, a relative humidity transition of-2.164 per 
cent. The monsoons with a -1.765 km/hr wind velocity transition 
corresponds with a -2.075 per cent transition in relative humidity (Table 
6.2, Fig. 6.4.7). 
The 'F' statistic at 1 and 32 degrees of freedom is significant for all 
the months at 0.01 level of significance. The correlation coefficient is both 






Mutual RelatioHship Between Mean Monthly Relative 




- - 0.5 
- • 0 
1.5 
-• -0.5 
- - -1 
•--1.5 
- - - 2 
I 
-2.5 
Relative Humidity • Wind Velocity 
Fig: 6.4.7 
I 
Mutual Relationship Between Mean Monthly Relative 
















I Relative Humidity Wind Velocity 
Fig: 6.4.8 
248 
relation with 15.366 percent variation. Annual shows very little variation at 
0.017 percent (Table 6.9.1). 
(viii) Minambakkam (Chennai) 
At Minambakkam the wind velocity is higher than at 
Nungambakkam, so also the total rainfall. Both the variables are in keeping 
with the true feature of urban and rural differential and the hypothesis of 
Chandler (1962) that the builtup density has less humidity than the 
countryside. The wind velocity transition of-2.606 km/hr corresponds with 
a 1.928 per cent transition in relative humidity, during winters. The summer 
transition of-2.31 km/hr corresponding with a 2.721 per cent transition in 
relative humidity finds the conditions at Minambakkam more humid. The 
monsoons too have a sluggish wind velocity with a transition of-3.551 
km/hr at 1.138 per cent relative humidity (Table 6.2, Fig. 6.4.8). Amongst 
the two stations Nungambakkam is drier than Minambakkam. 
The F ratio is significant for all the months except September at 
0.01 level of significance. The correlation coefficient is a weak negative 
association for all the months except January and February. The greatest 
inverse variation of 35.04 per cent is existing for July, which has very high 
day time and nocturnal temperatures which infuses dryness in the air. The 
annual associafion shows a 13.46 per cent variance (Table 6.10.1). 
Between the two stations as already stated Minambakkam has more 
inverse association than at Nungambakkam, where the relation is linear over 
all the months. 
Behaviour of Relative Humidity with respect to Temperature, Rainfall 
and Wind Velocity at the four Megacities : 
Amongst the four megacities the maximum range in mean monthly 
relative humidity has been observed at Delhi and the least at Chennai. This 
is true to the location of the two stations. Delhi located in the heartland has 
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pronounced continental effect hence the range, whereas Chennai located on 
the coast has the minimum range. Amongst the different stations Mumbai 
demonstrates the maximum difference between the two stations. While 
Kolkata has recorded the least difference. This is owing to the fact that the 
stations at Mumbai have different degrees of marine influence. Colaba is so 
situated that it is under the full influence of the open sea. Whereas Santacruz 
located a further away from the sea is having less influence of moisture. 
On comparing the behaviour of annual relative humidity to the 
different variables that is mean annual temperature, rainfall and wind 
velocity, the relation appears cogent for Chennai as the city station at 
Nungambakkam has a negative association for temperature which is true for 
a city and fits the doctrine of Chandler (1962) that the built up density has 
less humidity than the countryside. As for Minambakkam, the relative 
humidity is high, therefore the positive association is true. Rainfall and 
relative humidity has a positive association, which is also true, but the wind 
velocity and relative humidity is different. At Nungambakkam low wind 
velocity will enhance relative humidity, therefore the association may be 
true due to low vertical turbulence which stagnates the urban air, and in turn 
traps the heat radiated from the urban surface. At Minambakkam the 
negative association can be related to the high wind speed in relation to 
relative humidity, which disperses the moisture and dissipates heat. Thus 
there must be greater demand of energy at the city centre than its suburb. 
Next is Kolkata which has very close true association with regard to 
these variables. The mean maximum temperature at both the stations have 
inverse relation which is true as the driest time of the day is the same as that 
of the highest temperature, and the relative humidity increases in the later 
hours of the afternoon and evening as the temperature falls. Thus the 
positive association for Kolkata is not very convincing but the inverse 
association for Dum Dum is true. The positive association for rainfall is also 
250 
true so also the inverse wind velocity association. Thus the positive 
association of mean minimum temperature is a pointer towards the existence 
of urban heat island intensity at the city, and the already over burdened 
CESC (Calcutta Electric Supply Corporation) has to meet the load during 
the high summers with long hours of power cuts, making life additionally 
difficult over the sultry city atmosphere. 
Colaba's positive association of mean maximum temperature is true 
owing to its location being surrounded by the sea, also Santacruz with a 
negative association acknowledges the fact that the city air is drier by the 
day. The nocturnal regime does not relate to true conditions for Santacruz 
though it is true for Colaba. Rainfall regime is true and wind velocity is also 
showing true relationship as Santacruz with higher wind velocity would 
disperse off the stagnated moisture. Hence the relation is true also for 
Colaba the heavily built up city profile would also retard the wind speed and 
enhance moisture and so the association is true. 
In case of Delhi Palam an inverse association proves that the air is 
very dry during the day, although it has positive association for Safdarjung. 
The nocturnal temperature showing a linear relation proves that the nights 
are warmer at both the stations with the intensity being more magnified at 
Palam. Rainfall has a strong association whereas wind velocity has inversely 
strong association, which speaks volumes about the atmospheric conditions 
of Delhi. 
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Part - III 
Chapter-VII 
CLOUD COVER TRANSITION AND URBAN 
HEAT ISLAND 
* Mutual Transition between Cloud Cover and 
Temperature 
* Mutual Transition between Cloud Cover and 
Rainfall 
* Mutual Transition between Cloud Cover and 
Wind Velocity 
Chapter - VII 
CLOUD COVER TRANSITION AND URBAN HEAT ISLAND 
One, of the primary observation of existing climate change is that 
although days are getting warmer, the most noticeable variation is warmer 
nights. Scientists on the basis of meteorological data believe that the most 
likely explanation is increased humidity and cloud cover caused by Global 
Warming. Warmer seas by way of their thermal inertia induce more water 
vapour and more clouds. One of the most difficult areas of understanding 
the potential of Global Warming is the role of clouds. There seems a general 
agreement that clouds are very important but they remain the greatest 
uncertainty. They may be the main clue for those scientists who refuse to 
accept the global warming. They believe that clouds are the climate's self-
correcting mechanism. The fact that a difference of a few percent in the total 
cloud cover of the earth could change the net warming into cooling. 
What complicates matters further is that there are many different 
types of clouds, some are low and thick, some are high and thin, some are 
full of ice or moisture. Some estimates are that very low clouds have a 
slightly cooling effect, because they prevent the sun's rays reaching the 
earth in the first place, but that the high clouds warm things up because they 
act more like an extra blanket. Current research shows that there is increase 
in both. However, there is significant increase in high cloud which would 
confirm the warming. Further, an increase in water vapour in the atmosphere 
and more low clouds also mean more rain. Hence, an increase in the cloud 
cover is good news for dry areas. This will induce the availability of 
moisture to meet the high demands of potential evapotranspiration in the dry 
areas, which could suggest a continued increase of rainfall in such lands. 
Evidences have already shown an increase of cloud cover in Europe, North 
America and pardcularly Russia. 
Rain appears to have increased over high latitudes in the northern 
hemisphere, particularly during the autumn. However, there has been a 
decrease in the rain in the subtropics and the tropics from Africa to 
Indonesia as temperatures have increased. This is not a good news for these 
regions because the extra warmth means extra evaporation, meaning even 
less moisture availability in the soil.' 
Cloud Cover Over the Cities : 
Andrew Goudie, has held the pollutants, particularly the suspended 
particulate matter a major culprit in enhanced cloud cover over the cities, 
than the countryside. He opines that the enormous number of condensation 
nuclei produced by human activities in and around cities contribute to this 
phenomenon. Every set of measurements made has confirmed early 
assessments that these constituents are more numerous by an order or two in 
urbanized regions than in the countryside. The domestic and industrial 
combustion processes, principally motor vehicle exhaust, contributes to this 
part of the particulate. 
There are instances when some industrial activities and internal 
combustion engines produce nuclei that may have condensation effects, at 
least on supercooled cloud nuclei. There have been incontrovertible 
observations of cloud banks forming for tens of kilometers in the plumes of 
power plants and industrial stacks. An oversupply of condensation nuclei is 
a serious concern, and difficult to combat. Gunna and Phillips (1957)^ 
pointed out that if too many hygroscopic particles compete for the available 
moisture, cloud droplets will be small and the coalescences will become 
inhibited. This could lead to decreases in precipitation, a view which was 
confirmed by Allee (1970).^ 
1. Paul Brown (1996) : Global Warming : Can Civilization Survive"? Universities Press 
(India) Limited, pp. 72-74. 
2. Landsberg H. (1937). Bulletin of American Meteorological Society 18, p. 172. 
3. Gunna R. & Phillips, B.B. (1957). Journal of Meteorology 14, 272. 
4. Allee, A.P. (1970). Bulletin of American Meteorological Society 14, (pp. 272). 
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Pollution caused by jet aircrafts is also an area of serious concern. 
These aircrafts often leave persistent condensation trails. According to one 
school of thought these artificial clouds might increase the earth's albedo 
and thus cause cooling. Although on satellite pictures one can occasionally 
see cloud tracks that might have originated from these vapour trials, they 
seem to be sufficiently confined, with respect to space and time, to 
constitute a very minute fraction of the earth's cloud cover. 
Table: 7.1 
Mean Seasonal and Annual Cloud Cover, Temperature and Wind Velocity Transition in 




























































































































































































Source: Computed From the Meteorological Data obtained from India Meteorological Department, Pune 
In this chapter the temporal trends of mean cloud cover for the four 
mega cities have been attempted with an intention to interpret the following: 
1. There might be a higher order of linear relationship between cloud 
cover and temperature. 
254 
2. There may or may not be linear relationship between the cloud cover 
and the rainfall. 
3. The relationship between wind velocity and cloud cover may be that 
higher the wind velocity, lesser is the dwelling period of the clouds in a 
region. 
I. Mutual Transition between Cloud Cover and Temperature 
(i) Palm (Delhi) 
Table: 7.2 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at Palam 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Although it is generally assumed to have a high degree of linear 
relationship between cloud cover and temperature, the data does not thoroughly 
conform to this general understanding. A seasonal review of the trend recorded 
at Palam during winters showed -0.264°C mean maximum temperature 
transition for a corresponding cloud cover transition of-0.154 oktas. This is 
thus highly compatible to the general understanding, as during the winter 
months in this region the weather conditions are dry and extremely cold, with 
wet spells under the influence of the westerly winds emanating from the 
Mediterranean disturbances. During dry summer, the transition of -0.258°C 
presents a cloud cover transition of 0.059 oktas. This relationship can be 
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Mutual Relationship Between Mean Monthly Cloud Cover and 
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high cirrus types which are not effective in trapping the long wave terrestrial 
radiation, owing to their discontinuity. During the monsoons a temperature 
transition of 0.417°C is reflected in a cloud cover of 0.106 oktas (Table 7.1, 
Fig. 7.1.1). This is self-explanatory. The rain bearing clouds which not only 
have increased in respect of other seasons but have also obstructed the 
terrestrial radiation which has increased the overall temperature trend by day. 
Table: 7,2,1 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 42 degrees of freedom whose tabulated 
value is 7.3 but the computed value for most of the months is higher, except 
January and February. Hence, there is significant difference between the two 
variables at 0.01 level of significance. This can be explained with the help of 
correlation coefficient, which is an inverse association for all the months. Thus 
it is clear that neither the cloud cover nor the maximum temperature is having 
any influence on the other (Table 7.2.1). 
The mean minimum temperature trend for Palam shows an overall 
increase in the transition with the same amount of cloud cover. A -0.154 oktas 
cloud cover shows an increasing winter nocturnal temperature trend of 
2.469°C, for summer a 0.059 oktas cloud cover reflected a trend of 2.259°C and 
for monsoons a cloud cover of 0.106 oktas presented a trend of 0.706°C (Table 
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7.1, Fig. 7.1.2). The F ratio for mean minimum temperature and cloud cover 
has demonstrated significant relationship between the variables at 0.01 level of 
significance for all the months, except January and April. The correlation 
coefficient has shown both a positive and negative association which is 
between weak to moderate (Table 7.2.1). 
Thus, from above it may be concluded that at Palam both the winters 
and summers have become warmer as compared to the season of monsoon. As 
a result it may be noted that the summers are more uncomfortable at nights than 
other seasons. Since the overall wind velocity has reduced there is less of 
turbulence to induce ventilation effect in the city and this may prove 
hurdlesome for human comfort during the summer nights. During the monsoon 
season the temperature has been reduced due to the cooling effects of rainfall. 
(ii) Safdarjung (Delhi) 
Table: 7.3 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean maximum temperature for Safdarjung during winters 
recorded a transition of-0.394°C and a cloud cover transition of-0.222 oktas. 
During summers the trend showed an increase to -0.060°C with a cloud cover 
of-0.331 oktas and the monsoons recorded a temperature profile of-0.026°C 
and a cloud cover of-0.092 oktas (Table 7.1, Fig. 7.1.3). 
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Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum Temperature Transition at Safdarjung (1957-2000) 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The F Statistic between the two variables is not significant at 0.01 level 
for most of the months, except January, February, October, November and 
December. The correlation coefficient shows an inverse association for all the 
months (Table 7.3.1). 
Observing the mean minimum temperature for Safdarjung the winters 
recorded an increasing transition of 0.349°C with the corresponding cloud 
cover transition of -0.222 oktas. The summer trend showed a decline of 
-0.116°C to a cloud cover of-0.331 oktas and the monsoons to an increasing 
trend of O.Sn^C at a cloud cover of-0.092 oktas (Table 7.1, Fig. 7.1.4). The F 
ratio at 1 and 42 degrees of freedom is significant at 0.01 level only for 
February, March, June, August, September, October and Annual. The 
correlation coefficient is both a positive and negative weak to moderate 
association (Table 7.3.1). 
Thus an overall review of the two stations finds Palam warmer than 
Safdarjung, as also the cloud cover is more here than at Safdarjung. In 
conjunction to the nocturnal winter high temperatures, it can be adjuged to the 
strong anticyclonic inversions existing in the atmosphere which act as a lid to 
any turbulence which would help in dissipating the long wave radiation back to 
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space. The summer nocturnal trend at Palam is rather uncomfortable than at 
Safdarjung which is rather the same for monsoons. The annual cloud cover at 
Palam was -0.030 oktas and that at Safdarjung was -0.219 oktas. This 
difference may be to some extent held responsible for the temperature 
differences at the two stations (Tables 7.2 & 7.3). 
(iii) Colaba (Mumbai) 
The trend at the island city of Mumbai was rather discouraging. The 
transition in winter cloud cover at Colaba was -0.519 oktas whereas the winter 
day warming was 0.432''C, the summer cloud cover was -0.072 oktas whereas 
the mean maximum temperature was 0.157°C. Similarly the monsoonal day 
time warming of 0.497°C corresponds to a cloud cover transition of-0.182 
oktas. It is thus seen that even though the cloud cover has been showing a 
decline the temperature is rather high. This may well be the case owing to 
marine influences (Table 7.1, Fig. 7.2.1). 
Table: 7.4 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 45 degrees of freedom whose tabulated 
value is 7.3, holds good for most of the months except June, July and August 
whose computed value is more than that of the tabulated value hence, there 











































Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum TemperatureTransition at Colaba (1952-1998) 
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The correlation coefficient is both positive and negative weak to moderate 
association (Table 7.4.1). 
Table: 7.4.1 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The nocturnal temperature transition profile was still milder a -0.519 
oktas cloud cover recorded a -0.202°C for winters and a -0.072 oktas cloud 
cover recorded a -0.165°C for summers and a -0.182 oktas for monsoon 
recorded a warming of 0.247°C. Thus Colaba recorded an overall warming 
trend even though the amount of cloud cover was decreasing (Table 7.1.1, Fig. 
7.2.2). The test of linearity shows significant relationship between the variables 
for all the months except July and November. The correlation coefficient is a 
very weak positive to negative association (Table 7.4.1). The inverse 
association is stronger than the linear association. 
(iv) Santacruz (Mumbai) 
Likewise for Santacruz the cloud cover though not very impressive 
had actually shown an increased warming trend. The mean maximum 
temperature transition for winters was 0.480°C while the overcast transition 
was -0.291 oktas, summers recorded an increasing trend of 0.047°C with an 





Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum Temperature Transition at Santacruz (1952-1998) 
















s o. E 
Cloud Cover Maximum Temperature 
Fig: 7.2.3 
Mutual Relationship Between Mean Monthly Cloud Cover and 










Cloud Cover -O- Minimum Temperature 
Fig: 7.2.4 
,266 
-0.162 oktas. It thus may be related to the decreased wind velocity and 
increased relative humidity at both the stations (Table 7.1, Fig. 7.2.3). 
Table: 7.5 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 45 degrees of freedom is significant at 
0.01 level for most of the months except July, August, September, October and 
November. The correlation coefficient is showing a weak to strong inverse 
association in most of the months (Table 7.5.1). 
Table: 7.5.1 








































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The nocturnal temperature transition for winters recorded 1.438°C 
against a cloud cover of-0.291 oktas. The summers demonstrated a similar 
trend at 1.162°C with a cloud cover of 0.032 oktas and the monsoonal was a 
1.115°C transition with a declining cloud cover of-0.162 oktas. The annual 
cloud cover at Colaba was -0.249 oktas which was less than at Santacruz 
which was -0.151 oktas (Table 7.1, Fig. 7.2.4). 
The test of linearity at F (1,46) has significant difference between the 
variables at 0.01 level of significance in the months of March, June, July, 
August, November and December. The correlation coefficient is both a positive 
and negative weak to moderate association (Table 7.5.1). 
(v) Kolkata (Kolkata) 
A comparison of the seasonal cloud cover transition with that of mean 
maximum temperature does show an inverse relationship. A winter cloud cover 
transition of 0.382 oktas had a temperature trend of-1.113°C. Summers with 
0.705 oktas had a temperature change of-1.716°C. While monsoons with a 
change of-0.145 oktas had a temperature change of 0.255°C (Table 7.1, Fig. 
7.3.1). 
Table: 7.6 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 
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Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum Temperature Transition at Kolkata (1951-1998) 
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Thus, it is seen that there is a gradual increase in the trend of cloud 
cover from winters through summers but a decline during monsoons. But the 
temperature trend shows a different picture, there is a decline in temperature 
during both winters and summers but an increase during the monsoons. This 
increase during monsoons could be attributed to the high degree of relative 
humidity with an increase of 3.572 per cent and highly reduced wind velocity 
of-1.457 kilometers per hour. 
Table: 7.6.1 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 46 degrees of freedom whose tabulated 
value is 7.3, the computed value for most of the months as March, April, May, 
June, July, September, October and Annual have shown higher values, which 
suggests that there exists significant difference between the variables at 0.01 
level. The overall correlation coefficient is a weak to moderate inverse 
association except for November (Table 7.6.1). 
The mean minimum temperatures, however, depict a decreasing trend 
from winters through monsoons. A nocturnal trend of 0.496°C was reflected in 
the overcast of 0.382 oktas for winters. A -0.06rC summer nocturnal regime 
was reflected in the overcast of 0.705 oktas and a nocturnal monsoon regime of 
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0.194''C was reflected for an overcast of-0.145 oktas (Table 7.1, Fig. 7.3.1). 
Thus, the nocturnal temperature regime for Kolkata was linear to some extent. 
There exists significant difference between the variables at F (1,46) in 
the months of April, May, June, October and November at 0.01 level. The 
coefficient of correlation is both a weak to moderate positive and negative 
association (Table 7.6.1). 
(vi) Dum Dum (Kolkata) 
Table: 7.7 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
A mean maximum temperature transition for Dum Dum vis-a-vis 
cloud cover was not very appealing. A winter temperature transition of 
-0.823°C was in keeping with a cloud cover change of 0.293 oktas. Summers 
with a temperature of -0.957°C with a cloud cover of 1.075 oktas, and a 
monsoon temperature change of 0.917°C with a cloud cover change of 0.158 
oktas during the enquiry period (Table 7.1, Fig. 7.3.3). The test of linearity has 
demonstrated significant difference between the variables in March, May and 
June where there exists significant difference between the variables at 0.01 
level, in the rest of the months there exists linear relationship. The correlation 
coefficient is an overall weak inverse association for all the months except 
November (Table 7.7.1). 
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Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum Temperature Transition at Dum Dum (1951-1998) 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean minimum temperature change to some extent was more 
encouraging. A cloud cover change of 0.293 oktas coincided with the nocturnal 
temperature change of 0.762°C during winters. 1.075 oktas for summers had a 
nocturnal temperature transition of 0.089°C and a monsoon cover of 0.158 
oktas gives a nocturnal temperature transition of 0.150°C (Table 7.1, Fig. 
7.3.4). It is clear from the aforesaid evidences that there is a higher order linear 
relationship between cloud cover and nocturnal temperature than the daytime 
temperatures, which may be under the influence of other manmade factors as 
well as greater turbulence. The F ratio at 1 and 46 degrees of freedom is 
significant for all the months except May, October and November. The 
correlation coefficient is both a negative and positive weak to strong 
association (Table 7.7.1). 
(vii) Nungambakkam (Chennai) 
The port city of Chennai due to its lower latitudinal extent is fairly 
warm throughout the year. A mean maximum temperature profile for 
Nungambakkam showed a transition of 1.063''C for winters with a cloud cover 
transition of -0.427 oktas and summers with a temperature transition of 
0.733°C and a cloud cover transition of-0.100 oktas. During the monsoons a 






































Mutual Relationship Between Mean Monthly Cloud Cover and 











Cloud Cover Maximum Temperature 
Fig: 7.4.1 
Mutual Relationship Between Mean Monthly Cloud Cover and 
Minimum Temperature Transition at Nungambakkam 
(1965-1998) 
-•0.8 U 
Cloud Cover O Minimum Temperature 
Fig: 7.4.2 
276 
of-0.246 oktas (Table 7.1, Fig. 7.4.1). Thus, it is evident that the day regime 
was showing a fairly high temperature transition which depicted a marked 
decrease of cloud cover in all seasons. 
Table: 7.8 
Mean Monthly Cloud Cover, Temperature and Wind Velocity Transition at 







































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The F ratio at 1 and 31 degrees of freedom is significant for all the 
months except February and October. The coefficient of correlation is a weak 
to moderate inverse association, March is the only month showing weak 
positive association (Table 7.8.1). 
Table: 7.8.1 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The mean minimum temperature change during winters for 
Nungambakkam was 0.63 8°C as against a cloud cover change of-0.427 oktas. 
The summer transition of 0.918°C with a corresponding cloud cover change of 
-0.100 oktas and a monsoonal trend of O-TSS^ C for a cloud cover change of 
-0.246 oktas (Table 7.1, Fig. 7.4.2). Thus, it may be inferred that there is a 
general warming trend at Nungambakkam. However, there was a fair amount 
of decline from winters through the monsoons, with winters presenting a high 
degree of warming both during day and night. The F ratio at 1 and 31 degrees 
of freedom is significant in most of the months except January, March and 
September at 0.01 level. The correlation coefficient is a weak to moderate 
inverse to positive association. 
(viii) Minambakkam (Chennai) 
The temperature trend at Minambakkam has sharply adhered to the 
trend at the meteorological station at Nungambakkam. A mean maximum 
temperature change of 0.908°C during winters a cloud cover change of-0.162 
oktas. The summers have depicted a temperature change of 0.36TC with a 
cloud cover change of 0.096 oktas and a monsoonal transition of 0.233°C with 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
278 
Mutual Relationship Between Mean Monthly Cloud Cover and 
Maximum Temperature Transition at Minambakkam 
(1965-1998) 
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Mutual Relationship Between Mean Monthly Cloud Cover and 
Minimum Temperature Transition at Minambakkam 
(1965-1998) 
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The statistic at 1 and 31 degrees of freedom whose tabulated value is 
7.6, the computed value for February, is higher than that and hence there exists 
significant difference between the variables for the month at 0.01 level, 
whereas for the rest of the months it is significant at 0.01 level. The correlation 
coefficient is both a positive and negative weak association (Table 7.9.1). 
The mean minimum nocturnal temperature for Minambakkam during 
winters showed a trend of 0.573°C with a cloud cover change of-0.162 oktas. 
For summers a 0.218°C nocturnal trend corresponding to a cloud cover change 
of 0.096 oktas, and the monsoonal trend of 0.314°C with -0.097 oktas cloud 
cover (Table 7.1, Fig. 7.4.4). 
Table: 7.9.1 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The statistic at 1 and 31 degrees of freedom whose tabulated value is 
7.6, the computed value for February, is higher than that and hence there exists 
significant difference between the variables for the month at 0.01 level, 
whereas for the rest of the months it is significant at 0.01 level. The correlation 
coefficient is both a positive and negative weak association (Table 7.9.1). It is 
observed that there is a decreasing trend in cloud cover and the atmospheric 
temperature has recorded an increasing trend. Such a characteristic may also be 
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The annual cloud cover change at Minambakkam was -0.049 oktas at 
Nungambakkam it was -0.195 oktas. This trend though against the general 
view may be attributed to the greater thermal turbulence at the city proper than 
at the suburbs. Also the greater degree of vegetation present at Minambakkam 
could also provide the right amount of moisture through evapotranspiration for 
the formation of cloud. From the foregoing temperature and cloud cover trends 
it may be inferred that the relationship is far from linear. However, the cloud 
cover trend is not appreciable. 
II. Mutual Transition between Cloud Cover and Rainfall 
(i) Palam (Delhi): 
The average annual rainfall at Palam meteorological station during 
1957-1998 was 781.9 mm. As against the annual average the monsoon season 
average during June to September for the corresponding period was 652.6 mm. 
This amounts to 83.46 per cent of the mean annual rainfall. The mean annual 
cloud cover during 1957-1998 was 36.04 per cent while the mean cloud cover 
during the four months of monsoon was 54.37 per cent. This represents 50.28 
per cent of the mean annual cloud cover. It is interesting to note the rain 
bearing characteristics of the clouds particularly their vertical column during 
the monsoon season. About 50 per cent of the cloud cover in the four rainy 
months produced 83.46 per cent of the rainfall while another 50 per cent of the 
cloud cover during the remaining eight months produced a paltry 16.54 per 
cent of the total rains (Table 7.2.2, Fig. 7.1.5). 
As July and August being the peak rainy months they have shown a 
maximum cloud cover while the flanking months of June and September show 
a lower and decreasing cloud cover. The rainfall regime shows an increasing 
trend during July and August and a decreasing one towards June and 
September (Table 7.2.2). Because the mean annual rainfall variability is 
universally higher than the other meteorological parameters such as 
temperature, humidity, sunshine, wind velocity and pan evaporation the 
282 













3 I 37.51% 
20.50'»/o 
Safdarjung 
• : : - | : |Annual | | | j | Monsoon [^^ji^J^""^ 
August i i j i i d i September 
Fig: 7.1.5 
283 
regression analysis cannot be applied on rainfall trends. Hence, a periodic 
analysis of both the cloud cover and rainfall has been attempted to discern any 
mutual relationship of change between them. However, there are inherent 
statistical weaknesses in this method of computation. This method only shows 
specific period trends. The general trends may not be obtained by this method. 
The entire study period was divided into three time frames of 1957-1970, 1971-
1984 and 1985-1998. 
The first slot of 1957-1970 showed an average annual rainfall of 797.3 
mm. As against this, the monsoon season rainfall showed an average of 675.2 
mm. About 84.68 per cent of the annual rainfall was actually received during 
June to September. The average monsoon season rainfall for the entire study 
period of 1957-1998 was 83.46 per cent while the average monsoon season 
rainfall during the first time frame of 1957-1970 was 84.68 per cent of its 
annual. A comparison of rainfall during the two periods showed a higher 
rainfall early on with an increasing rainfall in August and September. The 
corresponding cloud cover was 54.37 per cent with the maximum cover during 
July and August. The average cloud cover with respect to the normal increased 
by 2.8 per cent while the consequent rain increased by 1.96 per cent. Thus the 
behaviour of higher rainfall was justified (Table 7.2.2, Fig. 7.1.5). 
During the period 1971-1984 the mean annual rainfall at Palam was 
822.5 mm. As against this, the mean monsoon rainfall was 703.8 mm. The 
monsoon period of June to September received 85.56 per cent of the average 
annual rainfall. It showed 4.23 per cent increase over the rainfall during the 
previous time frame. As regards the corresponding cloud cover it showed 52.5 
per cent against an average annual of 35.20 per cent. The annual cloud cover 
during this period declined by 2.33 per cent against an overall cloud cover of 
1957-1998 (Table 7.2.2). 
During the period 1985-1998 the average annual rainfall at Palam was 
recorded as 721.4 mm. As against this the average monsoon season rainfall was 
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578.7 mm. This period has received only 80.21 per cent of the corresponding 
annual rainfall. The annual rainfall recorded a 7.73 per cent decline in the 
rainfall with respect to the overall normal. The cloud cover was 56.56 per cent 
during the monsoon as against an annual cloud cover of 36.97 per cent. This 
was 2.58 per cent increase over the annual (Table 7.2.2). Although the rainfall 
regime is fluctuating, there seems to be a drift in rainfall towards September. It 
can be concluded that the rainfall seems to be weakening in the early monsoon 
months and gaining strength during the later months particularly September. 
(ii) Safdarjung (Delhi) 
The average annual rainfall at Safdarjung meteorological station 
during 1957-1998 was 787.2 millimeters. As against the annual average the 
monsoon season average during June to September for the corresponding 
period was 666.7 milimeters. This amounts to 86.69 per cent that of the mean 
annual rainfall. The annual cloud cover during 1957-1998 was 35.62 per cent 
while the mean cloud cover during the four months of monsoon was 54.06 per 
cent. This accounts for 50.58 per cent of the mean annual cloud cover. About 
50 per cent of the cloud cover in the four rainy months produced 86.69 per cent 
of the rainfall which another 50 per cent of the cloud cover during the 
remaining eight months produced as little as 15.31 per cent of the total rains 
(Table 7.3.2, Fig. 7.1.5). As July and August being the peak rainy months, they 
have shown a maximum cloud cover wile the flanking months of June and 
September show a lower and decreasing cloud cover. The rainfall regime 
shows an increasing trend during July and August and a decreasing one 
towards June and September. 
The first study period between 1957-1970 showed an average annual 
rainfall of 795.9 mm. As against this, monsoon season rainfall showed an 
average of 696.2 millimeters. About 87.47 per cent of the annual rainfall was 
actually received during June to September. Thus, the average monsoon season 
rainfall for the entire study period of 1957-1998 was 787.2 millimeters which 
285 
was 86.69 per cent while the average monsoon season rainfall during the first 
time frame of 1957-1970 was 87.47 per cent of its annual. Thus the annual 
rainfall for the period increased by 1.105 per cent and the monsoonal rains for 
the period increased by 4.42 per cent. The corresponding cloud cover of 37.81 
per cent annual average which was 6.14 per cent with respect to normal, and 
the monsoonal cloud cover of 54.68 per cent during June to September was an 
increase by 1.15 per cent with respect to that for 1957-98 (Table 7.3.2). 
During the period 1971-1984 the mean annual rainfall for Safdarjung 
was 825.1 millimeters. As against this, the mean monsoon rainfall was 692 
millimeters. The monsoon period of June to September received 83.86 percent 
of the annual average rainfall. It showed an increase of 3.79 per cent with 
respect to normal and declined by -0.603 per cent over the rainfall during the 
previous time frame. As regards the corresponding cloud cover it showed 54.06 
per cent against an average annual of 35.72 per cent. The average cloud cover 
with respect to normal increased by 0.29 per cent but decreased by -5.5 per 
cent with respect to 1957-70. The monsoonal cover remained constant with 
respect to normal but had shown a declining trend of-1.134 per cent with 
respect to 1957-1970 (Table 7.3.2). 
During the period 1985-98 the average annual rainfall recorded 740.4 
millimeters. As against this the average monsoon season rainfall recorded was 
612.1 mm, which was 82.67 per cent of the annual rainfall. The annual rainfall 
recorded a declining trend of-5.95 per cent with respect to overall normal and 
-10.26 per cent with respect to the previous study period. The corresponding 
cloud cover recorded 54.06 per cent during the monsoon season as against an 
annual cloud cover of 35.62 per cent. There was a decline by -0.29 per cent 
with respect to the previous study period. During this period the average 
rainfall during September has shown an increase to 132.5 millimeters, which is 
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(iii) Colaba (Mumbai) 
The average annual rainfall at Colaba meteorological station during 
1951-1998 was 2186.3 millimeters. As against the annual average the monsoon 
season average during June to September for the corresponding period was 
2091.8 millimeters. This accounts for 95.67 per cent of the mean annual 
rainfall. The annual cloud cover during 1951-1998 was 39.68 per cent while the 
mean cloud cover during the four months of monsoon was 77.81 per cent. This 
represents 65.3 per cent of the mean annual cloud cover. It is thus apparent that 
about 65 per cent of the cloud cover in the four rainy months produced 95.67 
per cent of the rainfall while the rest of the 35 per cent of the cloud cover is 
accountable for only 4.33 per cent of the total rains (Table 7.4.2, Fig. 7.2.5). As 
July and August are the rainiest months, therefore they have shown a maximum 
cloud cover as compared to either June and September, which have lower cloud 
cover. The highest rainfall is recorded in July followed by August and the June 
with the minimum during September. 
The study period during 1951-1966 recorded 2244.7 millimeters of 
rainfall. As against this the rainy season during the monsoon showed an 
average of 2137.6 mm. About 95.22 per cent of rainfall was received during 
June to September. The average monsoon rainfall was 4.77 per cent higher with 
regard to the annual monsoon regime of 1951-1998. The corresponding cloud 
cover was 77.18 per cent with the maximum cover during July and August. The 
average cloud cover was 40.31 per cent which increased by 1.58 per cent with 
respect to the normal whereas the consequent rain increased by 2.67 per cent 
with respect to normal (Table 7.4.2). 
During the study period of 1967-1982 mean annual rainfall at Colaba 
was 2002.6 millimeters. As against this, the mean monsoon rainfall was 1921.6 
mm. The monsoon period of June to September received 95.95 per cent of the 
average annual rainfall. It showed decline of -8.40 per cent over its annual 
regime of 1951-1998, and -10.78 per cent with respect to the previous time 
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frame. As regards the corresponding cloud cover, it showed 79.37 per cent as 
against an average annual of 40.52 per cent. Thus, the monsoon season cloud 
cover showed an increase of 1.76 per cent with respect to normal and 2.83 per 
cent with that of the previous time frame. The annual increased by 2.11 per 
cent with respect to over all normal and 0.520 per cent with that of the previous 
time frame (Table 7.4.2). 
The final division of 1983-1998 recorded an annual average rainfall at 
Colaba of 2311.6 millimeters. As against this the average monsoon season 
rainfall was 2216.3 millimeters. So, the monsoonal rainfall was 95.87 per cent 
for the whole year. The annual rainfall measured an 15.42 per cent increase 
with respect to the previous time frame whereas there was a 5.73 per cent 
increase to that of the overall normal. The corresponding cloud cover was 
76.87 per cent for the monsoon season and 38.13 per cent for the amiual. This 
was a 67.21 per cent of the annual with a decline of -1.208 per cent with 
respect to the overall normal of the season and -3.14 per cent with respect to 
the previous time frame. The annual had declined by -5.92 per cent with 
respect to the previous time frame and -3.93 per cent with that of the overall 
normal (Table 7.4.2). 
Between the two stations both the amount of rainfall and cloud cover 
accounted for similar behaviour. Santacruz had an edge in the annual rainfall 
regime against Colaba by 5.96 per cent. Here, compatibility exists with the 
general view of urban heat island which chums out greater rainfall for its 
suburbs and countryside. This also conforms to the percentage cloud cover at 
the two stations. A careful study of the rainfall pattern suggests higher 
percentage of rainfall during the earlier months of June and July which is well 
supported by its cloud cover. 
(iv) Santacruz (Mumbai) 
The average annual rainfall at Santacruz meteorological station during 
1951-1998 was 2316.7 mm with the rainfall during the monsoon season 
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recording 2219.4 millimeters. This accounts for 95.80 per cent of the total 
recorded rainfall. The annual cloud cover during 1957-1998 was 42.60 per cent 
with the mean cloud cover during the four rainy months of June, July, August, 
September measuring 80.9 per cent which represents 63.32 per cent of the 
mean annual cloud cover. About 60 per cent of the cloud cover in the four rainy 
months produced 95.80 per cent of the rainfall while another 40 per cent of the 
cloud cover during the rest of the eight months produced a meager 4.2 per cent 
of the total rains (Table 7.5.2, Fig. 7.2.5). As July and August being the peak 
rainy months they have shown a maximum cloud cover while the flanking 
months of June and September show a lower and decreasing cloud cover. As 
Santacruz July is the rainiest month followed by August. September has 
registered the least. As per the availability of data the study period was divided 
into three time frames of 1951-1966, 1961-1982 and 1983-1998. 
The first period between 1951-1966 recorded an annual average 
rainfall of 2560.4 millimeters. As against this, the monsoon season rainfall 
showed an average of 2441.5 millimeters. About 95.35 per cent of the rainfall 
was actually of the monsoonal rainfall received during June to September. The 
annual rainfall recorded a 10.5 per cent increase with respect to normal, while 
the monsoon rains had increased by 10.07 per cent with regard to that during 
1951-1998. The corresponding cloud cover was 43.33 per cent annual average 
which increased by 1.71 per cent with respect to overall normal. The monsoon 
season recorded 81.87 per cent which increased by 1.19 per cent with respect to 
normal and represented 63.59 per cent of cloud cover for the season. Thus both 
an increase in rainfall with subsequent increase in cloud cover is justified 
(Table 7.5.2). 
During the period 1967-82 the mean annual rainfall at Santacruz was 
2084.6 millimeters. As against this, the mean monsoon rainfall was 1993.4 
millimeters. The monsoon period of June to September received 95.62 per cent 
of the average rainfall. It demonstrated a decline of -18.58 per cent with 
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respect to the previous time frame while the decline of-10.01 per cent was 
recorded with regard to the normal of the study period. As regards the 
corresponding cloud cover it showed 81.56 per cent against an average annual 
of 42.91 per cent. Thus June to September represented 63.34 per cent of the 
total cloud cover. The annual cloud cover increased by 0.73 per cent with 
regard to normal but declined by -0.96 per cent with respect to 1951-1966. The 
monsoonal regime decreased by -10.18 per cent with respect to normal by 
-18.35 per cent with respect to 1951-1966. As the average cloud cover 
increased with respect to normal the rains for the period had decreased by 
-10.01 per cent which is quite substantial. The trend for 1951-66 with respect 
to which the decline was -18.58 per cent has kept same linearity (Table 7.5.2). 
During 1983-1998 period the average annual rainfall at Santacruz 
recorded 2305.1 mm. As against this the average monsoon season rainfall was 
2196.4 mm. This period received 95.29 per cent of annual rainfall. The annual 
rainfall recorded a decline of-0.50 per cent with respect to the overall normal, 
and increased by 10.57 per cent with respect to the previous time frame. The 
cloud cover recorded 41.63 per cent annual average as against a monsoon 
season record of 80.62 per cent. This was 64.66 per cent of the annual, which 
declined by -1.16 per cent with regard to the previous and -0.35 per cent with 
respect to the overall normal. The monsoon rains had decreased by -1.03 per 
cent with respect to normal while increased by 10.18 per cent with respect to 
the previous time frame. Thus there exists similar trend between rainfall and 
cloud cover with respect to normal (Table 7.5.2). 
It can be concluded that the rainfall is stronger during the early months 
and wakening sharply during September. Between the two stations Safdarjung 
had an edge in annual rainfall by 2.16 per cent, although the cloud cover was 
higher at Palam by 1.16 per cent. At both the stations 1971-84 recorded the 
maximum rainfall and 1985-1998 period recorded a decline, although there was 
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monsoon months have shown a decline whereas the later months have shown a 
strengthening of the rains. 
(v) Kolkata (Kolkata) 
The average annual rainfall at Kolkata meteorological station during 
1951-1998 was 1618.5 mm. As against the annual average the monsoon season 
average during June to September for the corresponding period was 1214.8 
millimeters. This accounts for 75.05 per cent of the mean annual rainfall. The 
annual cloud cover during 1951-1998 was 48.54 per cent, while the mean cloud 
cover during the four monsoon months was 80.0 per cent. This was 54.93 per 
cent of the mean annual cloud cover (Table 7.6.2, Fig. 7.3.5). 
During the study the entire series between 1951-1998 was divided into 
three time frames of 1951-1966, 1967-1982 and 1983-1998. The first order 
between 1951-1966 showed an average annual rainfall of 1458 millimeters. As 
against this, the monsoon season rainfall showed an average of 1107.7 
millimeters. About 75.97 per cent of the annual rainfall was actually received 
during June to September. The average monsoon season rainfall for the entire 
study period of 1951-1998 was 75.05 per cent of its annual, while that during 
1951-1966 was 75.97 per cent which was a decline by -8.82 per cent 
with respect to the entire study period for the season. The annual rainfall too 
had declined by -9.91 per cent with respect to normal. The corresponding 
cloud cover was 80.0 per cent with the maximum cover during July and 
August. The annual cloud cover was 46.56 per cent. The average cloud cover 
decreased with respect to the normal by -4.25 per cent. The 57.71 per cent 
cloud cover during the monsoons had increased by 0.78 per cent to that of its 
seasonal normal (Table 7.6.2). 
During the period 1967-1982 the mean annual rainfall at Kolkata was 
1725.5 mm. As against this the mean monsoon rainfall was 1286.1 mm. The 
monsoon period of June to September received 74.53 per cent of the average 
annual rainfall. It showed an increase by 16.11 per cent to that of the previous 
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time frame and 5.86 per cent to the overall normal for the season. As regards 
the corresponding cloud cover it showed 80 per cent against an average annual 
of 49.68 per cent . The annual cloud cover during this period increased by 6.7 
per cent to that of the previous time frame but increased by 2.3 per cent to that 
of overall normal (Table 7.6.2). 
During the period 1983-1998 the average annual rainfall at Kolkata 
recorded 1672.1 mm. As against this the average monsoon season rainfall was 
1251 mm. This accounted for 74.81 per cent of the corresponding annual 
rainfall. The monsoon recorded a -2.72 per cent decline with regard to the 
previous time frame and increased by 2.97 per cent with respect to normal. 
Likewise the annual rainfall for the period declined by -3.19 per cent with 
regard to the previous time frame and increased by 3.31 per cent with respect to 
the overall normal. The corresponding cloud cover during the monsoon season 
was 80. 65 per cent as against an annual cloud cover of 49.37 per cent. This 
was 54.43 per cent of the annual, with an increase of 1.43 per cent with respect 
to the previous time frame (Table 7.6.2). The annual cloud cover gained by 
1.71 per cent with respect to normal and decreased with respect to the previous 
regime by 0.62 per cent. 
(vi) Dum Dum (Kolkata) 
The average annual rainfall at Dum Dum meteorological station during 
1951-1998 was 1615.1 mm. As against the annual average the monsoon season 
average during June to September for the corresponding period was 1214.8 
millimeters. This accounts for 75.21 per cent of the mean annual rainfall. The 
annual cloud cover during 1951-1998 was 51.35 per cent while the mean cloud 
cover during the four months of the monsoon was 83.75 per cent. This caters to 
54.36 per cent of the mean annual cover. About 54 per cent of the cloud cover 
in the four rainy months produced 75.21 per cent of rainfall while the rest of 
the year received 24.78 per cent of rainfall from 46 per cent of the cloud cover 
(Table 7.7.2, Fig. 7.3.5). As July to August being the peak rainy months they 
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have recorded the maximum overcast, although the two flanking months too 
have a high overcast varying only slightly to July and August. The rainfall 
recorded during these months although maximum, yet it may be noted that June 
has registered a gradual increase in its trend, whereas September has been 
rather fluctuating. 
During the study period 1951-1966 showed an annual average rainfall 
of 1436.1 millimeters. As against this, the monsoon season rainfall showed an 
average of 1124 mm. About 78.27 per cent of the annual rainfall was actually 
received during June to September. The average monsoon season rainfall 
during the first time frame was 78.27 per cent of its annual. A comparison 
between the two finds the monsoon rains decreasing by -7.47 per cent with 
respect to the seasonal normal while the annual is decreasing by -11.08 per 
cent with respect to overall normal. The corresponding cloud cover was 82.81 
per cent with a constant cover during July and August with very small 
departures during June and September. The rainfall too during each month have 
maintained a near constancy. The cloud cover during the monsoon decreased 
by -1.12 per cent with respect to normal while the annual cloud cover of 50.0 
per cent declined by -2.63 per cent with respect to normal. Thus a decline in 
both the cloud cover and rainfall during this period is highly jusdfied (Table 
7.7.2). 
During the study period 1967-1982 the mean annual rainfall was 
1698.0 millimeters with the mean monsoon rainfall recording 1260.5 
millimeters. Thus the monsoon period of June to September received 74.23 per 
cent of the annual average rainfall. It showed an increase of 12.14 per cent over 
the rainfall during the previous time frame, the annual rainfall increased by 
18.23 per cent for the same. With respect to normal the monsoon rainfall 
increased by 3.76 per cent while the annual rainfall increased by 5.13 per cent. 
The corresponding cloud cover was 83.12 per cent during the monsoon season 
and that during the annual was 53.64 per cent. This was 54.95 per cent of the 
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annual with a 0.37 per cent increase with respect to previous and a decline of 
-0.75 per cent with respect to normal. The annual cloud cover too projects a 
similar trend with a 0.81 per cent increase with respect to previous and 
decreased by -1.83 per cent with respect to normal (Table 7.7.2). 
During the period 1983-1998 the average annual rainfall at Dum Dum 
was recorded as 1711.1 mm. As against this the monsoon season rainfall was 
1259.8 millimeters. This period has received 73.62 per cent of the 
corresponding annual rainfall. The monsoon declined by -0.05 per cent with 
respect to the previous time frame and increased by 3.7 per cent with respect to 
the normal of 1951-1998. The annual rainfall increased by 0.77 per cent with 
respect to 1967-1982 and 5.94 per cent to that of overall normal of 1951-1998 
(Table 7.7.2). 
Between the two stations Kolkata has received 0.21 per cent more 
rainfall than Dum Dum, against a general understanding that the countryside 
receives more rains than the urban centres. This may be attributed to the 
presence of more hygroscopic nuclei within the atmosphere. It encourages 
greater formation of cloud cover and greater rains. Besides the influence of the 
river as well as the sea appears stronger at this station. The time period of 
1951-1966 has received or rather recorded the minimum annual average 
rainfall, yet that received during the monsoons is higher as compared to other 
years. Also it may be noted that although the rainfall has maintained 
consistency in most of the months, it appears to be gaining more in the earlier 
months of June and July than the later months. 
(vii) Nungambakkam (Chennai) 
As Chennai receives rainfall from the retreating monsoon during 
October, November and December, so these months have been considered. 
Although the conventional rainy months of June to September a not altogether 
rainless. November is the rainiest month for the entire year and there appears 




































































































































































































































































































































































available from 1965 to 1998, so the period has been divided into two blocks of 
1965-81 and 1982-1998. 
The average annual rainfall at Nungambakkam meteorological station 
during 1965-1998 was 1281.7 mm. As against the annual average the monsoon 
season average during October to December for the corresponding period was 
776.1 millimeters which was 60.55 per cent of the annual rainfall. The annual 
cloud cover during 1965-1998 was 55.57 per cent while the mean cloud cover 
during the retreating monsoon months was 64.58 per cent. This represents 
29.08 per cent of the mean annual cloud cover which caused about 60.55 per 
cent of the rain during the rainy months the rest 70.92 per cent of cloud cover 
produced 39.45 per cent of rain for the rest of the eight months (Table 7.8.2, 
Fig. 7.4.5). 
The first period between 1965-1981 showed an average annual rainfall 
of 1288.9 millimeters. As against this, the monsoon season rainfall showed an 
average of 806.6 millimeters. About 62.58 per cent of the annual rainfall was 
actually received during October, November and December. This illustrated an 
increase of 3.92 per cent with regard to that during 1965-1998 and the annual 
rainfall increased by 0.56 per cent with respect to over all normal. The 
corresponding cloud cover was 65.83 per cent during the retreating monsoon 
season while the annual average for the period measured 56.14 per cent. This 
was 62.58 per cent of the total rainfall received during the year (Table 7.8.2, 
Fig. 7.4.5). 
During 1982-1998 period the average annual rainfall was 1274.5 
millimeters, as against a monsoon rainfall of 745.6 millimeters. This accounted 
for 58.50 per cent of the total rainfall. There was a decline in winter rainfall by 
-7.56 per cent with respect to the previous time frame and -3.92 per cent to 
that of normal. The corresponding cloud cover was 63.33 per cent for the rainy 
season and 54.89 per cent annual average. So this accounted for 28.84 per cent 
of the total cloud cover for the year. The cloud cover declined by -3.79 per 
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cent with regard to previous and -1.93 per cent to that of normal. The annual 
average rainfall declined by -1.12 per cent with respect to the previous time 
frame and -0.56 per cent with that of overall normal (Table 7.8.2). 
(viii) Minambakkam (Chennai) 
The average annual rainfall at Minambakkam meteorological station 
during 1965-1998 was 1333.7 mm. As against the annual average the monsoon 
season average during October, November and December was 793.4 mm. This 
accounted for 59.48 per cent of the mean annual rainfall. The annual cloud 
cover during the period was 59.58 per cent while that during the four rainy 
months was 67.5 percent which represents 28.32 per cent seasonal cloud cover 
for the entire study period. The rest of the eight months are having an overcast 
of 71.68 per cent, which produced 40.52 per cent of the total rainfall for rest of 
the months (Table 7.9.2, Fig. 7.4.5). 
During 1965-1981 the average annual rainfall measured 1369.6 
millimeters. As against the winter monsoon rainfall of 821.3 millimeters. 
About 59.96 per cent of the annual rainfall was actually received during 
October, November and December. This had increased by 3.51 per cent with 
respect to normal of 1965-1998, while the annual average increased by 2.69 per 
cent with respect to overall normal. The corresponding cloud cover read 69.58 
per cent during the monsoons and 59.58 per cent for the annual which was thus, 
29.19 per cent for the entire season. There was an increase of 3.08 per cent with 
respect to the seasonal normal and the annual recorded an almost constant 
cloud cover to that of normal (Table 7.9.2). 
During 1982-1996 period the average annual rainfall at Minambakkam 
recorded 1297.9 millimeters of rainfall. As against this the average monsoon 
season rainfall was 765.6 millimeters. This period has received 58.98 per cent 
of the corresponding annual rainfall. The winter rainfall showed a decline of 
-6.78 per cent with respect to previous time frame and -3.09 per cent to that of 
normal. The annual average rainfall too showed a decline by -5.23 per cent 
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with respect to previous and -2.75 per cent to that of normal. The 
corresponding cloud cover was 65.41 per cent for monsoon season and 59.37 
per cent of annual average. A decline of -5.99 per cent was observed with 
respect to the previous time frame of 1965-81 and -3.19 per cent to that of 
normal. The annual average declined by -0.35 per cent with respect to both 
overall normal and the previous time frame (Table 7.9.2). 
III. Mutual Transition between Cloud Cover and Wind Velocity 
(i) Palam (Delhi) 
A decrease in wind velocity might generally induce the cloud 
formation and more so in the summers. A perusal at the regression trends of the 
monthly cloud cover for Palam reveals a rather variable picture with a more or 
less decreasing trend between 1957-2000. Unlikely, the wind velocity had a 
highly decreasing trend all through the months. 
A seasonal trend of cloud cover for the winters recorded a decline with 
a -0.154 oktas cloud cover along with a wind velocity transition of-2.059 
kilometers per hour. Thus, from the above scenario it is evident that the winters 
at Palam are calm with clear sky, which is an absolutely favourable situation 
for temperature inversion and the formation of fogs. The summers for Palam 
presented a positive transition of 0.059 oktas cloud cover. This was caused by 
wind velocity transition of ^.002 kilometers per hour. Here, a decrease in 
wind velocity tends to induce cloud formation. Such a situation would lead to 
stagnation of the foul polluted urban air causing greater human discomfort. The 
monsoon season recorded a cloud cover increase of 0.106 oktas with a wind 
velocity decrease of-3.189 kilometers per hour (Table 7.1, Fig. 7.1.6). Thus 
such a situation is likely to induce high relative humidity capable of trapping 
the radiated terrestrial heat. Thus, the situation could be highly uncomfortable 
to human habitation. 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity of F (1,42) has found the computed value to be 
lower than the tabulated value for all the months, hence the relationship is 
significant for all the months at 0.01 level between the two variables. The 
correlation coefficient has shown a weak inverse association for all the months, 
except January, July, September and November (Table 7.3.3). Although the 
wind velocity has been changing with the seasons, the overall cloud cover has 
changed little except for the monsoon months. 
(ii) Safdarjung (Delhi) 
The winters at Safdarjung recorded a cloud cover decrease of -0.222 
oktas with a corresponding wind speed decreasing at-4.658 kilometers per 
hour. Thus, the seasonal calm with declining cloud cover gives an absolute 
figure for the formation of temperature inversions at night. Hence, the 
occurrence of dense fog in the city during winters, which substantially masks 
visibility and is also a great loss to aviation industry. The flights get stranded 
and also lead to greater frequency of the road accidents. 
The summers at Safdarjung recorded a change of-0.331 oktas cloud 
cover, with a windspeed change of-7.296 kilometers per hour. As the sky is 
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covered with less amount of clouds along with reduced wind velocity, the solar 
radiation filters unobstructed and thus the day temperature will record a rather 
high. Due to loss of turbulence because of aerodynamic roughness of the city, 
the prospective nocturnal temperatures too will be additionally high and 
uncomfortable. During the monsoons the cloud cover recorded a -0.092 oktas 
decrease with a wind velocity decrease of-5.145 kilometers per hour (Table 
7.], Fig. 7.1.6). The reduced wind velocity trend during the monsoons may be 
responsible for reduced amount of rainfall, and greater dwell period of the low, 
thick clouds. Thus, it may be inferred that though the cloud cover may be 
effective in increasing the earth's albedo, yet, it also acts as a trap to the 
longwave terrestrial radiation, rendering the season stuffy. 
The annual cloud cover transition for Palam was -0.03 oktas with a 
windspeed of-3.548 kilometers per hour, and that of Safdarjung was -0.219 
oktas with a windspeed of-5.315 kilometers per hour. The computed value for 
F statistic (1,42) for all the months is less than the tabulated value, hence the 
relationship is significant for all the months at 0.01 level. The correlation 
coefficient is both a positive and negative, weak association for all the months 
(Table 7.3.3). Thus, on comparison it may be concluded that the city had less of 
cloud cover than the periphery with reduced windspeed owing to the 
aerodynamic roughness of the city than the periphery of Delhi. 
(iii) Coloba (Mumbai) 
The cloud cover at Colaba recorded a decreasing trend of-0.519 oktas 
with a windspeed change of-6.541 kilometers per hour. Hence, this could be 
responsible for a mild winter at Colaba. The summer cloud cover recorded a 
trend of-0.072 oktas with a wind velocity of-8.187 kilometers per hour. This 
could be held responsible for the very high temperatures during the summer 
season. The monsoon regime recorded a decreasing trend of-0.182 oktas for 
cloud cover with a wind velocity change of-8.009 kilometers per hour (Table 
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7.1, Fig. 7.2.6). The reduced windspeed is responsible for holding the 
rainclouds together and producing copious rains, during the season. 
Table: 7.5.3 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 45 degrees of freedom is significant for 
all the months at 0.01 level of significance. The correlation coefficient is both a 
positive or negative weak association (Table 7.5.3). 
(iv) Santacruz (Mumbai) 
The monthly cloud cover at Santacruz is highly variable with a clear 
decrease during the winter season. A comparison with the windspeed for the 
winters recorded a cloud cover change of-0.291 oktas at a speed of-6.757 
kilometers per hour. Thus, the meager amount of cloud cover with reduced 
windspeed provides a stable condition during winters for Santacruz. During 
summers the cloud cover change was 0.032 oktas along with a windspeed 
decrease of-9.175 kilometers per hour. The reduced windspeed with growth in 
cloud cover may enhance the discomfort during the summer. During the 
monsoons a cloud cover transition of-0.162 oktas was recorded at a windspeed 
of-9.217 kilometers per hour (Table 7.1, Fig. 7.2.6). The decreasing trend in 
cloud cover could be held responsible for a decrease in net amount of rainfall. 
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This, however, coupled by the substantial decrease in windspeed may be 
effective in holding the clouds stay inconsequential for a time long. 
The test of linearity at 1 and 45 degrees of freedom whose tabulated 
value is 7.3 has the computed values lower than that for all the months except 
July which has a higher value, which demonstrates that the variables have 
significant difference at 0.01 level. The correlation coefficient is both positive 
and negative weak association (Table 7.5.3). 
The annual cloud cover change for Santacruz was -0.151 oktas and 
that at Colaba a decreased by -0.249 oktas. Along with this, there was a change 
in annual windspeed of -8.077 kilometers per hour for Santacruz and -7.245 
kilometers per hour for Colaba. This relationship may be affirmed with respect 
to the enhanced annual rainfall at Santacruz which is 2316.7 millimeters than at 
Colaba which is 2186.3 millimeters. 
(v)Kolkata (Kolkata) 
The trend in cloud cover at Kolkata is variable but the windspeed has 
recorded a regular decline, between (1951-98). The winter trend in cloud cover 
for Kolkata recorded an increase of 0.382 oktas along with a wind velocity 
decrease of-0.310 kilometers per hour. Thus, it may be inferred that since the 
sky is not totally clear, stable conditions prevail at Kolkata with less severe 
winters unlike that of Delhi, which is highly continental. The summer trend of 
0.705 oktas cloud cover caused by a wind velocity decrease of -3.025 
kilometers per hour and a high relative humidity of 7.382 per cent, may be held 
responsible for the added heat and thus uncomfortable conditions prevailing 
during this time of the year at Kolkata. During the monsoon season the trend of 
-0.145 oktas cloud cover at a wind velocity of -1.784 kilometers per hour, 
could be sufficient to hold the clouds stay for longer period (Table 7.1, Fig. 
7.3.6). 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,46) is significant for all the months. The 
exists both inverse as well as direct association between the two which is 
mostly weak in nature (Table 7.7.3). 
(vi) Dum Dum (Kolkata) 
The winter cloud cover for Dum Dum recorded an increase of 0.293 
oktas caused by a windspeed decrease of -0.874 kilometers per hour. The 
winters thus present a stable condition with less turbulent weather. The 
summer trend in cloud cover recorded an increase of 1.075 oktas which was 
caused by velocity decrease of-8.614 kilometers per hour. The substantial 
decline in windspeed with an increased cloud cover and relative humidity may 
cause uncomfortable weather conditions. The monsoonal trend in cloud cover 
is also 0.158 oktas. This has been induced by a windspeed decrease of-5.577 
kilometer per hour (Table 7.1, Fig. 7.3.6). Thus at Dum Dum the trend is just 
sufficient to satisfy the seasonal conditions. 
The test of linearity at 1 and 46 degrees of freedom is significant for 
all the months at 0.01 level of significance. The correlation coefficient is a 
weak positive to negative association (Table 7.73). The annual cloud cover for 
311 
Kolkata recorded an increase of 0.287 oktas due to windspeed decrease of 
-1.495 kilometers per hour and Dum Dum recorded a 0.488 oktas with a 
windspeed decrease of-4.587 kilometers per hour. Thus, Dum Dum displays 
more stable weather conditions than Kolkata owing to the varying urban 
landscape at the two stations. 
(vii) Nungambakkam (Chennai) 
The city of Chennai located on the south eastern coast of India 
commands a strategic location under the marine influences. The cloud cover for 
both the stations during 1965-98 is highly variable. The winter sky shows a 
cloud cover decrease of -0.427 oktas with a windspeed transition of -0.909 
kilometers per hour, for Nungambakkam. A decline in both is a ready reckoner 
of a stable weather condition. Besides the city lies within the tropics. 
Resultantly the temperature remains high throughout the year with a small 
seasonal and diurnal range of temperature. 
Table: 7.9.3 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summer cloud cover recorded a transition of-0.100 oktas with a 
wind velocity change of-1.155 kilometers per hour. Since both the trends are 
declining there is a good amount of linear relationship. During the monsoon 
season the cloud cover for Nungambakkam recorded a change of-0.246 oktas 
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with a wind speed transition of-1.765 kilometers per hour (Table 7.1, Fig. 
7.4.6). Such a trend could effectively restrict the clouds from flying away, yet 
the reduction in cloud cover may effectively reduce the amount of rainfall. 
The test of linearity at 1 and 32 degrees of freedom has the computed 
value lesser than the tabulated value for all the months except annual. Thus the 
F ratio is significant for all the months except annual. The coefficient of 
correlation is a weak positive to negative association (Table 7.9.3). 
(viii) Minambakkam (Chennai) 
For Minambakkam the winter cloud cover change of-0.162 oktas was 
recorded in relation to a windspeed reduction of -2.606 kilometers per hour. 
Thus, there is a highly stable condition prevailing during winters. However, 
due to over all high temperatures the temperature inversion phenomenon is not 
possible at Minambakkam. The summer cloud cover increase of 0.096 oktas 
was caused by a wind velocity decrease of-2.31 kilometers per hour. It does 
not render any appreciable influence on the weather conditions. The monsoonal 
trend of-0.097 oktas cloud cover with a windspeed of-3.551 kilometers per 
hour may be held responsible for the increase in rainfall (Table 7.1, Fig. 7.4.6). 
The test of linearity at 1 and 32 degrees of freedom is significant in all 
the months at 0.01 level of significance. The correlation coefficient is both a 
weak negative and positive association, where the inverse association is more 
dominant than the positive (Table 7.9.3). 
The annual cloud cover for Nungambakkam recorded a decline by of 
-0.195 oktas together with a windspeed change of-1.214 kilometers per hour 
(Table 7.1, Fig. 7.4.6). Likewise for Minambaickam the cloud cover recorded a 
transition of-0.049 oktas with a wind speed change of-2.989 kilometers per 
hour. Although there is a general decline in both the parameters yet 
Minambakkam recorded more of cloud cover with slower wind velocity as 
compared to Nungambakkam. A rise in temperature has led to the decrease in 
cloud cover as well as decrease in wind velocity. Amongst the four megacities 
the highest range in cloud cover is recorded at Mumbai. Delhi has the least 
difference between the two stations. Mumbai and Kolkata are similar, and a 
little higher at Chennai. 
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Chapter-Vm 
EVAPORATION TRANSITION AND URBAN 
HEAT ISLAND 
* Mutual Transition between Evaporation and 
Temperature 
* Mutual Transition between Evaporation and 
Wind Velocity 
* Mutual Transition between Evaporation and 
Relative Humidity 
Chapter- VIII 
EVAPORATION TRANSITION AND URBAN HEAT ISLAND 
Evaporation is an imperceptible process of mass transfer of water 
from the earth's surface to the atmosphere. Evaporation may occur from free 
water surfaces such as rivers, ponds and lakes and from the soil profiles. The 
vaporization of moisture from the plant leaves is called transpiration and the 
combined process of evaporation and transpiration is called evapo-
transpiration. The presence of water vapour in the atmosphere, both in its 
invisible form or as visible fog, cloud or mist, greatly affects insolation. It is 
even more significant in its absorption of infra-red radiation from the earth's 
surface to have compound influence on heating. The process of evaporation 
involves the consumption of energy or heat. At any particular temperature 
the air can absorb a set amount of water vapour. This amount varies with 
temperature and the warmer the air, the greater the amount of water vapour 
it can hold. The capacity of the air to absorb more water is aided when there 
is turbulence, or mixing of the air and evaporation takes place through the 
eddying motion of the layer nearest to the evaporating surface.' 
The rate at which the temperature falls with increasing altitude is, 
on average, 6.4°C/1000 metres, and this pattern continues as far as the 
tropopause. This is the environmental lapse rate. It is not constant, however 
it is affected by atmospheric and surface conditions. Adiabadc heating and 
cooling of a parcel of air takes place without any heat exchange involved. 
The rate at which the air cools with height at a constant of 10°C for each 100 
meters. It is known as the dry adiabatic lapse rate. It is called dry, not 
because the air does not contain any moisture, but because no condensation 
has taken place. As the air continues to rise it will inevitably cool 
sufficiently to cause condensation. From this point along its ascent latent 
Faniran A. & Ojo 0. (1980). Man's Physical Environment, Heinemann Educational 
Books Ltd. London, pp. 47. 
heat stored in the water vapour is liberated. Now the air cools more slowly 
called wet adiabatic rate of cooling. Since, the amount of latent heat released 
depends upon the quantity of moisture present in the air, the wet adiabatic 
rate is not constant, warm air is able to hold a lot of moisture and thus, on 
cooling, it releases a lot of latent heat, cold air is able to hold far less 
moisture so the heat production during condensation is much less. 
As evaporation rates are largely dependent on thermal regime, wind 
velocity and relative humidity, the above parameters have been considered 
to draw the impact of each on the rate of evaporation. Thus the regression 
trends for each of the megacities for evaporation have been taken into 
account. The evaporation data pertaining to only one station each is 
available for all the cities under analysis. 
Table: 8.1 











































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Here an attempt has been made to interpret the following : 
1. At some places and periods there might be a higher order of linear 
relationship between temperature change and rate of evaporation. 
2. Briggs and Smithson P. (1995). Fundamentals of Physical Geography, Routledge, pp. 
53-59. 
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2. At some places and periods there might also be a higher order 
relationship between evaporation rate and change in wind velocity. 
3. At some places and periods there might be a direct relationship 
between relative humidity and rate of change of evaporation. 
Table: 8.1.1 
Mean Seasonal and Annual Evaporation, Temperature, Wind Velocity and 








































































































Source: Computed From the Meteorological Data obtained from India Meteorological Department, Pune 
I. Mutual Transition between Evaporation and Temperature 
(i) Safdarjung (Delhi) 
The mean monthly evaporation range at Safdarjung is 6.48 mm with 
May recording 9.13 mm and January recording 2.65 mm. Owing to the great 
heat of the high summer month that May represents. Evaporation rate 
appears to be high (Table 8.1). 
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Mutual Relationship Between Mean Monthly Evaporation and 
Temperature Transition at Safdarjung (1969-1998) 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean monthly regression trend for evaporation between 1969-
2000 for a period of 32 years has shown a decline in evaporation in all the 
months with slight variations. The winter months of December, January and 
February showed a slightly higher trend, while the summer months of 
March, April, May, June and July showed a high decrease. August and 
September also showed a slight decrease. The average evaporation for the 
winter months recorded a trend of -2.101 millimeters at an average 
corresponding temperature trend of-0.151°C. The summer trend recorded a 
still greater decline of -5.454 millimeters at an average correspondingly 
lower temperature transition of -0.405°C. Monsoons recorded a decline in 
the average evaporation with a transition of-2.964 millimeters coupled with 
average temperature transition of 0.316°C (Table 8.1.1, Fig. 8.1.1). 
An evaluation of the mean minimum and mean maximum 
temperature trends separately at Safdarjung vis-a-vis the evaporation trends 
finds the seasonal change during the day time to be higher for winter and 
monsoons as compared to summers where there is a decline. The mean 
minimum temperature for the winter and summer months have a declining 
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trend as compared to monsoons. So from above it can be discerned that both 
the monsoon days and nights are demonstrating an increasing trend of 
temperature which is the reflection of built up water vapour in the 
atmosphere, with little ventilation due to decreased wind velocity. 
Table: 8.2.1 
Correlation Between Evaporation and Temperature at Safdarjung 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity between mean maximum temperature and 
evaporation at 1 and 30 degrees of freedom is significant for all the months 
at 0.01 level of significance except March, June, July and August whose 
computed value are more than the tabulated value. The correlation 
coefficient for all the months show a weak to moderate positive relation, 
between mean maximum temperature and evaporation (Table 8.2.1). The 
test of linearity between mean minimum temperature and evaporation is 
significant for all the months at 0.01 level except March, April, May and 
July where the computed values are more than the tabulated value. There 
exists both negative and positive association between mean minimum 
temperature and evaporation due to decreased wind velocity and 
evaporation. The overall negative relation during the winter months point to 
the existence of temperature inversion and of fog the influence of westerly 
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disturbances (Table 8.2.1). Thus, at Safdarjung all the seasons have recorded 
a decline in evaporation. Summers have recorded the greatest decline, while 
winters have recorded the smallest decline. This, to some extent, can be 
argued keeping the average temperature transition in view. The annual 
figure of-3.453 millimeters transition may be linearly related to -0.179°C 
annual average temperature transition. 
(ii) Colaba (Mumbai) 
At Colaba the mean monthly evaporation range is 2.62 mm. As the 
highest was 5.16 mm which was recorded in May. This is the hottest month 
of the year, an increase in evaporation is but natural. The minimum of 2.54 
mm was recorded in December (Table 8.1). 
Table 8.3 
Mean Monthly Evaporation, Temperature, Relative Humidity and Wind Velocity 









































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean monthly regression trend for Colaba between (1969-98) 
although has shown a decline in all the months, it has, however, maintained 
stability except for May which shows the greatest decline with a figure of 
-2.256 millimeters. The winter average evaporation recorded -1.353 
millimeters transition with an increased average temperature transition of 
O.SOrC. The summers recorded an average evaporation transition of-1.668 
millimeters with an average temperature transition of 0.301°C. The monsoon 
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season recorded an average evaporation transition of-1.296 millimeters at 
an average temperature transition of 0.250°C (Table 8.1.1, Fig. 8.2.1). These 
trends suggest that there is scarcely a causal relationship in the rates of 
evaporation change with the rates in temperature changes at this almost 
insular station on the sea. 
Thus the overall evaporation trend has declined for all the seasons, 
with no season recording a real high or low but all have maintained a near 
uniformity. Although the average evaporation for winters have been the 
least and the maximum during summers. 
The annual transition again showed a close relationship with the rest 
of the months at -1.434 millimeters evaporation and 1.311°C average annual 
temperature transition. One can, on the contrary, conclude that the rate of 
evaporation change is inversely related to temperature change at Colaba. 
Change in evaporation rates appears to be more akin to the humidity 
changes. 
Table: 8.3.1 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean minimum and mean maximum temperature trends at 
Colaba with regard to evaporation trend, finds an overall increase in mean 
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maximum temperature for all the seasons, whereas the nocturnal change is 
positive for both winters and monsoons but shows a decline during the 
summer season although the evaporation trend has recorded a decline for all 
seasons. 
The 'F' statistics at 1 and 27 degrees of freedom have exhibited 
complete significance for all the months at 0.01 level. The correlation 
coefficient shows both positive and negative association for mean maximum 
temperature. The winter months of January, February and December are 
showing a negative association (Table 8.3.1). This could be due to the 
blowing of northeast winds which are dry and the temperature even during 
winter is not appreciably low in Mumbai. The high temperature prevailing 
during May, may not be inducing a similar proportion of evaporation. 
The 'F' statistic for mean minimum temperature and evaporation is 
significant for all the months except November where the tabulated value is 
less than the computed value. The association of mean minimum 
temperature is weak to moderate both negative and positive (Table 8.3.1). 
March which is the transitional month and as seen earlier the evaporation 
trend is every where decreasing whereas the temperature is increasing. 
December is not cool at Mumbai, hence the temperature which is still high 
in the month experiences reduced evaporation. Again, such an association 
can be cited with regard to wind direction which is dry offshore winds from 
the north-northeast direction. 
(iii) Kolkata (Kolkata) 
Kolkata recorded an evaporation range of 3 mm. Here, April 
recorded 4.4 mm of evaporation while 1.4 mm was that recorded in 
December (Table 8.1). The mean monthly regression trend for evaporation 
between (1977-98) has recorded a slight decline. 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The winter average evaporation recorded a -0.612 millimeters 
transition with an average temperature transition of 0.544'*C. The hot dry 
summers with an average evaporation of-1.388 millimeters transition at an 
average temperature transition of 0.202°C. The monsoons recorded an 
average evaporation transition of-1.325 millimeters with no significant 
change in average temperature transition of 0.035°C (Table 8.1.1, Fig. 
8.3.1). It appears that evaporation trends during the rainy monsoon season is 
more a function of relative humidity than the temperature. 
Thus the evaporation transition is more or less same in all the 
seasons with winters recording the least decline in evaporation transition 
and summers have recorded the maximum decline. Considering the average 
temperature transition and the rate of evaporation change, there appears no 
degree of linear relation to average temperature transition. The annual 
evaporation transition of-1.006 millimeters at 0.086°C again shows a non-
linear relationship. 
The mean minimum and mean maximum temperature trends at 
Kolkata with regard to evaporation shows a decline for the day time 
seasonal change. The trend for winters are least followed by summers and 
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monsoons. The night time trend on the other hand is positive during winters 
with a slight decline during summers and again a positive during monsoons. 
Table: 8.4.1 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at 1 and 20 degrees of freedom have shown 
higher values for March, April, May, August, September, October and 
annual. Thus there exists significant difference between the variables at 0.01 
level. The correlation coefficient for all the month shows a moderate to 
strong positive relationship between mean maximum temperature and 
evaporation (Table 8.4.1). 
The 'F' ratio at 1 and 20 degrees of freedom is significant for all 
the months at 0.01 level. The mean minimum temperature shows an overall 
negative relationship with evaporation. The nighttime high during both 
winters and monsoons may be due to the existence of calm and thus less 
room for the ventilation of stagnant humid air (Table 8.4.1). 
(iv) Minambakkam (Chennai) 
At Minambakkam the range was 4.01 mm, with May recording 7.21 
mm and November recording 3.29 mm (Table 8.1). The mean monthly 
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regression trend between (1969-98) recorded a declining trend though with 
some fluctuations. The least of-1.958 millimeters was recorded in May and 
the greatest of-0.052 millimeters in October. 
The average evaporation transition recorded during winters was 
-0.795 millimeters, at an average temperature transition of 0.926°C. It 
appears that Chennai which is on the southeastern coast of India has an 
inverse relationship between winter evaporation trends and the winter 
temperature trends. There is difference in the monsoon regime over this part 
of India as compared to all other parts of India. Moreover, the winter at 
Chennai is never as pronounced as it is in Delhi, Kolkata and Mumbai. 
Table 8.5 
Mean Monthly Evaporation,' 
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Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summers recorded an average -1.331 millimeter with an 
average temperature transition of 0.155°C. The monsoons recorded a rate of 
-0.985 millimeters change with the average temperature profile of 0.253°C 
(Table 8.1.1, Fig. 8.4.1). Thus, for all the seasons an increase in temperature 
profile has recorded a decrease in evaporation transition. Hence there is a 
strong inverse relationship prevailing in all the seasons. The annual 
transition of -0.803 millimeters recorded an average annual temperature 
transition of 0.693°C. Thus, one can analyse that there is an inverse 
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relationship between temperature and evaporation during all the seasons at 
Minambakkam. 
The mean minimum and mean maximum temperature trends at 
Minambakkam have shown an increase in most of the months, whereas there 
is a decline in evaporation trend in all the months. The mean maximum 
temperature at Chennai is high throughout the year. There is a marked 
positive trend in all the months except July. 
Table: 8.5.1 
Correlation Between Evaporation and Temperature at Minambakkam 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pun 
The 'F' ratio at 1 and 28 degrees of freedom for mean maximum 
temperature is significant for all the months at 0.01 level except May, July, 
August and November where the computed values are higher than the 
tabulated value. The correlation coefficient is a weak to strong both positive 
and negative association (Table 8.5.1). The 'F' ratio between mean 
minimum temperature and evaporation is significant for all the months 
except May, July, September and December, where the computed value 
exceeds the tabulated value. The mean minimum temperature is also high 
throughout the year with both weak to moderate negative and positive 
association. Chennai being a sea port city, is again under the influence of the 
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sea. Hence, the humidity may be high due to such an influence which might 
retard evaporation (Table 8.5.1). 
Thus at Minambakkam the weak association of temperature to 
evaporation can also be explained keeping in view the low rate of 
evaporation experienced by the station. Amongst the megacities, all the 
stations depict an inverse relationship which appears compatible keeping in 
mind the different built-up surfaces which induce the city to modify its 
water balance. In the city, pavements and buildings prohibit entry of water 
into the soil. With limited green areas, transpiration is minimal. Most of the 
rain water drains off quickly and passes to storm sewers, with the result that 
water available to induce the evaporation is greatly diminished. Since both 
evaporation and transpiration amounts are decreased, the unused and 
available solar energy leads to additional surface heating. 
II. Mutual Transition between Evaporation and Wind Velocity 
(i) Safdarjung (Delhi) 
As has been pointed earlier, there has been an overall decline in the 
rate of change of evaporation between (1969-2000). It has been noted that 
the wind velocity transition has revealed a very high decline in its velocity. 
This is an understable fact, because the built up surfaces in the major 
metropolitan centers of India are highly heterogeneous. The multi-storied 
building act as hurdles of the wind velocity. Hence, the wind velocity is 
destined to show a declining trend mostly in the leeward locations. 
The winters recorded a decline in the evaporation transition at 
-2.101 millimeters and the wind velocity too declined at the rate of-5.022 
kilometers per hour. The summer profile still dipped to a -5.454 millimeters 
at the rate of -5.621 kilometers per hour and the monsoons recorded a 
-2.964 millimeters rate in evaporation at a wind velocity change of-3.477 
3. Oliver E.J. & Hidore J.J. (2003) Climatology : An Atmospheric Science, Pearson 
Education, Delhi, pp. 335. 

































kilometers per hour (Table 8.1.1, Fig. 8.1.2). Thus there has been an overall 
decline in both the parameters suggesting that the measures are true for an 
urban built up. The annual trend of -3.453 millimeters complemented a 
-4.396 kilometers per hour of wind velocity. 
Table: 8.2.2 
Correlation Between Evaporation, Wind Velocity and Relative Humidity at 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity between wind velocity and evaporation at 1 and 
30 degrees of freedom is 7.6. The computed value is higher for March, June, 
July, December and Annual. Hence there is significant difference between 
the variables in the above mentioned months as related to the other months. 
The correlation coefficient is a positively weak to moderate relation in all 
the months (Table 8.2.2). The average wind velocity is highest in summers 
as this is the season of frequent dust storms induced due to the intense low 
pressure prevalent in north-west India. 
(ii) Colaba (Mumbai) 
The evaporation transition though has shown a decline but is highly 
stable. The wind velocity transition too has highly declined but has kept 
close with slight variations. The winters recorded a -1.353 millimeters 
transition at a wind velocity decline of -7.087 kilometers per hour. The 
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summers recorded -1.668 millimeters at -6.091 kilometers per hour and the 
monsoons a -1.296 millimeters at -6.838 kilometers per hour (Table 8.1.1, 
Fig. 8.2.2). These relationships appear highly inconsequential to the 
dependent variable. 
Table: 8.3.2 
Correlation Between Evaporation, Wind Velocity and Relative Humidity at Colaba 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
As the decline of both in all the seasons have followed a similar 
trend so it can be affirmed that at Colaba the weather conditions remain 
equable throughout the year. The annual evaporation transition recorded 
-1.434 millimeters and the wind velocity -6.739 kilometers per hour. This 
result is highly compatible to the earlier noted transitions. 
The 'F' statistic of the analysis of variance at 1 and 27 degree of 
freedom is 7.6. The computed value is more for January, February, May, 
November, December and Annual which illustrates that there is significant 
difference between the two variables at 0.01 significance level. The rest of 
the months have linear relationship. The correlation coefficient shows weak 
to very strong association between the two (Table 8.3.2). 
(iii) Kolkata (Kolkata) 
The transition in evaporation has been slight though the wind 
velocity transition has shown fluctuations at places. The seasonal profile for 
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winters showed a -0.612 millimeters rate of change at a wind velocity 
declining rate of -0.676 kilometers per hour. Summer declined further by 
-1.388 millimeters at a speed of -3.073 kilometers per hour. The monsoons 
recorded a trend of-1.325 millimeters at a speed of-1.616 kilometers per 
hour (Table 8.1.1, Fig. 8.3.2). The annual trend of-1.006 millimeters at a 
wind velocity transition of-1.659 kilometers per hour, supports the above 
argument. 
Table: 8.4.2 
Correlation Between Evaporation, Wind Velocity and Relative Humidity at Kolkata 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity between wind velocity and evaporation at 1 and 
20 degrees of freedom at F (1,20) is 8.1. The calculated values are 
significant for all the months at 0.01 level of significance, that is a total 
linear relationship exists. The correlation coefficient is showing a weak to 
moderate positive relationship for all the months (Table 8.4.2). 
Thus Kolkata too has presented a further decline in both evaporation 
transition as well as wind velocity. Such an attribute could be simply 
explained logically as long as the wind velocity is low it is not sufficient in 
bringing in fresh unsaturated air by blowing away the saturated air 
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elsewhere. As a result the stagnating saturated air retards further evaporation 
and thus the foul polluted air remains to stay there. 
(iv) Minambakkam (Chennai) 
The evaporation transition for Minambakkam is reportedly 
fluctuating. The seasonal trend may be looked into with a winter evaporation 
transition of-0.795 millimeters at a rate of-2.593 kilometers per hour of 
wind velocity transition. The summers recorded -1.331 millimeters 
evaporation transition with a wind velocity transition of-2.289 kilometers 
per hour and monsoons recorded -0.985 millimeters at a wind velocity rate 
of-3.236 kilometers per hour (Table 8.1.1, Fig. 8.4.2). 
Table: 8.5.2 
Correlation Between Evaporation, Wind Velocity and Relative Humidity at 







































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Thus the overall decline in all the seasons is again a testimony to 
the reduced rate of wind velocity which is actually a hindrance to the 
enhanced evaporation rate. The annual recorded transition of -0.803 
millimeters complemented with the -6.980 kilometers per hour rate of wind 
velocity. The 'F' statistics at 1 and 28 degrees of freedom shows higher 
values for March, April, May, July, August and Annual. Thus the variables 
have significant differences during these months. The correlation coefficient 
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is weak to strong positive association in most of the months with November 
and December showing weak negative association (Table 8.5.2). A strong 
causal relationship is evident in the linear transition of evaporation coupled 
with decreasing wind velocities at all the stations. 
III. Mutual Transition between Evaporation and Relative Humidity 
(i) Safdarjung (Delhi) 
The transition in relative humidity has been highly fluctuating with 
an increasing trend in all the seasons, contrary to the evaporation trend 
which is rather low and declining. A winter transition of-2.101 millimeters 
of evaporation recorded a relative humidity transition of 12.358 percent. The 
summers recorded a -5.454 millimeters with a 4.211 percent relative 
humidity and monsoons recorded a -2.964 millimeters of evaporation 
transition with a 5.193 percent relative humidity (Table 8.1.1, Fig. 8.1.3). 
As relative humidity is a factor directly influenced by evaporation 
or vice-versa, their linearity at F (1,30) is significant for all the months 
except for June, July, August, December and annual. Average evaporation 
for the above months have declined whereas the relative humidity for these 
months are considerably high, owing to the monsoon months and winter 
season. The correlation coefficient for all the months are weak to moderate 
negative relationship (Table 8.2.2). The average relative humidity is high in 
most of the months with the average evaporation remaining small. 
This scenario helps to understand the functional and responsive 
difference between the processes of relative humidity and the absolute 
humidity. In the foregoing scenario evaporation tends to appear a dependent 
variable of relative humidity. The annual transition of-3.453 millimeters 
was complemented by 7.896 per cent relative humidity. Hence, from the 
above nature of the two parameters it is clearly discernible that an enhanced 
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result an increasing trend in all of the seasons may be the convincing as well 
as correct reason for the decline in evaporation transition in all of them. 
(ii) Colaba (Mumbai) 
The transition in relative humidity though fluctuating has kept a 
general increasing trend with February, October and December presenting a 
declining trend. A seasonal relationship between evaporation and relative 
humidity recorded a -1.353 millimeters at 2.686 percent respectively during 
winters. The summers were no departure from the previous trend and 
recorded -1.668 millimeters at 0.934 percent relative humidity and during 
the monsoons too the figures were close to -1.296 millimeters for 
evaporation transition with a 2.078 percent transition in relative humidity 
(Table 8.1.1, Fig. 8.2.3). Thus, from above it is clear that the high 
percentage prevalence of relative humidity may be a strong governing factor 
in retarding the evaporation transition. The annual figure of -1.434 
millimeters of evaporation transition is well complemented by 2.169 percent 
relative humidity. 
The relative humidity is high throughout the year with minor 
changes related to seasons. The 'F' statistic at 1 and 27 degrees of freedom 
is linear for most of the months except June and September. The correlation 
coefficient is a weak to moderate negative association for all the months 
(Table 8.3.2). It can be reasoned that the high prevalence of humidity is due 
to its position on the sea, which retards evaporation. 
(iii) Kolkata (Kolkata) 
The relative humidity transition has recorded an overall increase in 
all the months except for April, whereas the evaporation trend is highly 
discouraging with a decline in all the months. 
A winter season profile presents a -0.612 millimeters of evaporation 
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order of relative humidity transition is highly compatible with decreasing 
evaporation trend. A summer transition of -1.388 millimeters at 6.256 
percent relative humidity again supports the reduced rate of evaporation 
transition. The monsoon recorded a -1.325 millimeters evaporation 
transition at the 2.232 percent relative humidity (Table 8.1.1, Fig. 8.3.3). 
From the above results it can be seen that the rate of change of evaporation 
has kept close to each other in the different seasons, but the rate of relative 
humidity change has been very variant. The rate of change has been sharp 
during winters and summers. It has kept a comparatively low rate during 
monsoons, which reveals the likelihood of a higher stability in the parameter 
during this season. The annual trend of-1.006 millimeters at 5.25 per cent 
relative humidity complement each other. 
The 'F' statistic or variance ratio table at 1 and 20 degrees of 
freedom F (1,20) at 0.01 significance level is 8.1. The computed values are 
higher for January, February, March, October, November and Annual. 
Hence, there is significant difference between the variables during the above 
mentioned months and therefore there is no linearity. Due to low wind 
velocity and less of vertical turbulence the atmosphere is rather stable thus 
maintaining high average relative humidity. The correlation coefficient is a 
negative moderate to strong association for all the months (Table 8.4.2). 
(iv) Minambakkam (Chennai) 
The transition in relative humidity showed a high again with 
deviations towards the negative trend during May and August. A winter 
evaporation transition recorded a -0.795 millimeters at 1.710 per cent 
relative humidity. This profile can be illustrated in view of the time of the 
year. With the cessation of rains and comparatively low temperatures a 
fairly dry weather conditions prevail. 
The summers recorded a -1.331 millimeters evaporation transition 
with a 2.881 per cent relative humidity. The monsoons recorded a -0.985 
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millimeters at 2.603 per cent relative humidity (Table 8.1.1, Fig. 8.4.3). The 
annual record showed a -0.803 millimeters of evaporation transition with a 
2.793 per cent relative humidity. Thus, here too, an overall high prevalence 
of relative humidity may be a strong defining factor to the reduced transition 
in evaporation. 
The test of linearity shows significant difference between the two 
variables in January, February, June, July, August, October and December. 
The correlation coefficient is a moderate to strong negative associafion for 
all the months (Table 8.5.3). As the average relafive humidity for all the 
months is quite high related to the rate of evaporation, thereby, such a 
relation is justified. 
Amongst the four megacities Delhi has recorded the highest range 
of mean monthly evaporation. As it is the station which is located at the 
heartland, with strong dry conditions prevalent throughout the year. The 
other stations has strong marine influences owing to their location. All have 
recorded the highest evaporation rate during May, which is the hottest 




SOLAR RADIATION TRANSITION AND 
URBAN HEAT ISLAND 
* Relative Transition of Solar Radiation and 
Temperature 
* Relative Transition of Solar Radiation and 
Cloud Cover 
* Relative Transition of Solar Radiation and 
Relative Humidity 
Chapter - IX 
SOLAR RADIATION TRANSITION AND URBAN HEAT 
ISLAND 
Solar radiation has a crucial bearing upon the temperature on a 
diurnal, seasonal and annual basis, a change of temperature usually reflects 
an increase or decrease in radiation. All the factors which influence the net 
radiation of a place are significant in determining the temperature conditions 
of that place. These include the physical characteristics of the surface and its 
ability to reflect or absorb heat energy. The melting of snow, for example 
delays any rise in temperature in the higher altitudes and latitudes, while 
evaporation tends to cool the columns of air masses and so reduces 
temperature.' 
As might be expected, the contaminated urban air is effective in 
reducing incoming solar radiation, and differences in albedo and other 
surface characteristics also modify the energy balance over the cities. Such a 
characteristic is highly pronounced in the megapolises of 5 to 15 million 
population such as Mumbai, Delhi, Kolkata and Chennai. The interception 
of insolation is usually most apparent during the winter, when not only is the 
haze layer thicker, but in addition the sun's rays strike the overlying blanket 
of air at the lowest angles. 
According to Chandler (1965) , the loss of direct solar radiation by 
suspended matter, principally smoke, on cloudless days during the winters at 
Kew averages 8.5 per cent when the sun's elevation normally remains 30° 
and 12.8 per cent with an elevation of only 14.3° above the horizon. 
Meetham (1945)^ estimated that the city of Leicester lost 30 per cent of the 
incoming radiation in winter, compared with only 6 per cent in summer. 
Monteith (1966)'* showed that, during the 1957-63 period, the average 
1. Faniran, A. & Ojo, O. (1980), Man's Physical Environment, Heinemann Educational 
Books Ltd., London, p. 38. 
2. Chandler (1965) in Smith, K., (1975), edited , Principles of Applied Climatology, 
McGraw Hill Book Company (U) Limited, London, p. 51. 
3. Ibid., p. 51. 
4. Ibid., p. 51. 
smoke density in central London decreased by 10 |ig/m and that this led to a 
total solar radiation increase of around 1 per cent. Nevertheless, the mean 
smoke concentration of 200-300 i^ g/m^ in the city center still made the total 
receipt of solar energy some 20 to 30 per cent lower than that recorded in 
the nearby rural areas. Patterson (1969)^ has revealed the 'greenhouse 
effect' of the local smoke pall, with shortwave radiation fluxes 6 per cent 
smaller and long wave radiation fluxes from 1 to 14 per cent larger within 
the city than the outside areas. Much of the modifications of urban climates 
occur in the lowest layers of the atmosphere Bach et al. (1970)^. The largest 
areal differences in day time urban energy budgets tend to occur during clear 
summer weather, Terjung (1970). 
In this chapter the researcher has tried to interpret the regression 
trends of the mean monthly Daily Total Radiation (DTRAD) and Bright 
Hours of Sunshine (BHSS) in relation to : (i) temperature, (ii) cloud cover, 
and (iii) relative humidity. 
Table: 9.1.0 











































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
5. Ibid., p. 51. 
6. Ibid., p. 51. 
7. Ibid., p. 51. 
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Table: 9.1.1 












































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
Table: 9.1.2 
Mean Seasonal and Annual Energy Balance, Temperature ,Cloud Cover and 

























































































































Source: Computed From the Meteorological Data obtained from India Meteorological Department, Pune 
DTRAD - Daily Total Radiation 
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I. Relative Transition of Solar Radiation and Temperature 
(i) Safdarjung (Delhi) 
The mean monthly daily total radiation range at Safdarjung is 12.45 
megajoules with a maximum of 25.45 megajoules per square metre recorded 
in May and 13.00 megajoules recorded in December. Thus, such a 
characteristic is a clear illustration of the angular elevation of the sun during 
hot summer month of May and the cold season of December (Table 9.1.0). 
The bright hours of sunshine has a range of 3.32 hours, with May 
again recording as high of 9.17 hours and July recording 5.85 hours. This 
scenario conform to the climatic and weather conditions for these months. 
During May the sky is clear hence more incident energy is allowed to pass 
the atmosphere, whereas July is the monsoon month when the sky is usually 
overcast with thick clouds, which will retard any passage of sun rays and 
hence reduced hours of sunshine (Table 9.1.1). 
Table: 9.2 
Mean Monthly Energy Balance, Temperature, Cloud Cover and Relative Humidity 


























































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The regression trend for the mean monthly daily total radiation 
during the period (1958-99) for Safdarjung recorded a steady decline. The 
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presenting the greatest trend of 1.989 megajoules per square meter and 
August presented a small increase (Table 9.2), 
A comparison with the seasonal profile of mean maximum 
temperatures for winters showed a declining trend by -0.394°C with a daily 
total radiation trend of-5.798 megajoules per square meter and a -2.015 
hours for the bright hours of sunshine. Hence, there was a strong linear 
relationship among the variables. A decrease in the daily total radiation 
coupled with a decline in bright hours of sunshine has had a strong influence 
on temperature decline. The summer trend of mean maximum temperature 
recorded a -0.060°C with a daily total radiation of-1.640 megajoules per 
square meter and the bright hours of sunshine reduced by -L.008 hours. 
During the monsoons the temperature trend of-0.026°C corresponded with 
-0.424 megajoules per square meter daily total radiation and 0.131 bright 
hours of sunshine (Table 9.1.2, Fig. 9.1.1). 
The temperature increase may be well illustrated in correspondence 
with the simultaneous increase in the bright hours of sunshine, even though 
the daily total radiation had shown a decline keeping in view the time of the 
year. 
Table: 9.2.1 
Correlation Between Mean Monthly Energy Balance and Maximum Temperature at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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The monthly relationship at 1 and 40 degrees of freedom F (1,40) 
shows linearity between the two variables except for July, August, 
September and December at 0.01 level of significance. The correlation 
coefficient is a weak to moderate positive association for all the months. 
August and September show a 32.148 and 32.262 per cent variation between 
the variables with respect to each other (Table 9.2.1). 
The bright hours of sunshine show less significant linear association 
at 0.01 level than that of radiation. Here, more months have demonstrated 
significant difference between the two variables at 0.01 level. The 
correlation coefficient has a weak to moderate positive association, for all 
the months except June where there is a negative association, which is 
varying at 0.078 per cent. This situation stands true as the temperature 
transition for the month shows a decline contrary to an increase in bright 
hours of sunshine (Table 9.2.1). This is owing to the fact the summers have 
longer days in June in the Northern Hemisphere, but the decline in total 
radiation may be a factor influencing a decline of mean maximum 
temperature. India being a tropical country in the lower latitudes, the overall 
temperature round the year is normally high. 
(ii) Santacruz (Mumbai) 
The mean monthly daily total radiation range is 10.76 megajoules 
per square metre with the highest of 24.57 recorded in May and the 
minimum of 13.81 megajoules recorded in July. During May the sky is 
clear, but July is the rainiest month in this coastal city, hence the reduced 
amount of energy, conform to the state of the weather conditions (Table 
9.1.0). 
The mean monthly bright hours of sunshine range is 7.27 hours with 
February recording 9.62 hours and August recording 2.35 hours. As 
February is the winter month with clear skies so such a record is true. 
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exists. Therefore, a reduction in the bright hours of sunshine is very natural 
(Table 9.1.2). 
Table: 9.3 
Mean Monthly Energy Balance, Temperature, Cloud Cover and Relative Humidity 

























































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
A look at the daily total radiation for Santacruz during (1970-1999) 
revealed a declining trend in the mean monthly daily total radiation for 
Santacruz while the bright hours of sunshine first showed an increase from 
January to June and then a steady decline from July to December (Table 9.3, 
Fig. 9.2). The winter mean maximum temperatures recorded a positive trend 
of 0.580°C with a daily total radiation of-1.779 mega joules per square 
meter with a 0.082 hours of bright sunshine which infuses high relative 
humidity in all the seasons (Table 9.1.2, Fig. 9.2.1). 
Though the solar radiation and hours of sunshine have reduced yet 
the temperature of the day time has depicted a positive trend. This may be 
explained keeping in mind the fact that the peninsular India falls within the 
tropics, hence is warm throughout the year, also Mumbai being under the 
strong marine influences of the Arabian sea which infuses high relative 
humidity in all the seasons. The summer transition of mean maximum 
temperature being -0.372°C with a daily total radiation of-1.881 mega 
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bright sunshine. Though there has been an increase in the trend of sunshine 
hours but the daily total radiation has declined, which may be attributed to 
the presence of particulate matter suspended in the atmosphere which 
effectively scatter the incoming solar radiation (Table 9.1.2, Fig. 9.2.1). 
Table: 9.3.1 
Correlation Between Mean Monthly Energy Balance and Maximum Temperature at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The mean maximum temperature transition of 0.926°C during the 
monsoon corresponded with -0.098 hours of sunshine and a -1.401 mega 
joules per square meter of daily total radiation. The rainy season, restricts 
the filtering of the sun rays through the cloud and the albedo is quite high 
with a reduction in the hours of sunshine and the energy balance. Yet, there 
is an increase in the temperature during the day, because the overcast sky 
acts as a trap to longwave terrestrial radiation. Besides the rainfall is the 
phenomenon of the summer season only, especially in the south western 
parts of India. 
The test of linearity at F (1,28) shows significant difference between 
the variables for March, June and August, at 0.01 level of significance. The 
coefficient of correlation has both positive and negative weak to moderate 
association (Table 9.3.1). The inverse relation is mostly seen during the 
winter months which holds good, to the time of the year when the sun's 
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angular elevation is low for the northern hemisphere. Thus there is reduced 
radiation although the temperature has not changed much. 
The test of linearity for the bright hours of sunshine is significant 
for all the months at 0.01 level. The correlation coefficient is a weak 
positive to negative association for all the months (Table 9.3.1). The 
negative association for July and September can be attributed to the overcast 
skies during this time of the year and for April, May and December due to 
the negative association which can be explained by observing the trends of 
change between the two variables. April has a negative temperature trend vis 
a vis a strong positive trend for bright hours of sunshine, May has a very 
small rate of change of temperature whereas the bright hour of sunshine 
show a moderate change whereas for December a negative rate of change in 
bright hours of sunshine show a very small positive change in temperature 
(Table 9.3). 
(iii) Dum Dum (Kolkata) 
At Dum Dum the mean monthly range in daily total radiation is 8.4 
megajoules per square meter. May recorded 22.7 megajoules, while 
December recorded 13.8 megajoules. May has clear skies hence an increase 
in radiation. December has recorded"the least of 13.8 megajoules per square 
metre. This is particularly true owing to the angular elevation of the sun in 
the northern hemisphere (Table 9.1.0). 
The bright hours of sunshine has a range of 4.63 hours with April 
recording 8.18 hours and July recording 3.55 hours. As April is one of the 
summer months, hence there is clear sky and therefore an increase in bright 
hours of sunshine. July being a monsoon month there is a general 
understanding that the sky will be overcast. Therefore a decrease in bright 
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Mean Monthly Energy Balance, Temperature, Cloud Cover and Relative Humidity 


























































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The daily total radiation transition has shown a decline from (1958-
1998) in all the months, so also the bright hours of sunshine, which apart 
from the declination of the sun varying from season to season can be 
attributed to the increasing aerosols in the urban atmosphere. The month of 
May has recorded a marked decline of -3.116 megajoules, which is 
considered the hottest summer month of the year (Table 9.4). The winter 
month of February shows a slight increase in cloud cover which could be the 
season for declining radiation trend. May too has an increased cloud cover 
and besides this premonsoon month experiences an increase in atmospheric 
concentration of aerosols, which retard the filtering of direct radiation and 
aids in scattering. This increases diffused radiation. There has also been a 
decline in the rate of temperature change for the month (Table 9.4, Fig. 
9.3.1) such a trend may suggest that during may the temperature is not being 
an extreme due to a decrease in energy balance. 
The bright hours of sunshine too recorded a decline through all the 
months. The trend of mean maximum temperatures during winters recorded 
a decline of -0.595°C with an average daily total radiation of -2.813 
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9.1.2). This may well be understood keeping in mind the condition prevalent 
during winters with a lower sun angle and an increasing trend in cloud 
cover. 
Table:9.4.1 
Correlation Between Mean Monthly Energy Balance and Maximum Temperature at 





































































































Source: Computed from the 
The summer 
Meteorological Data obtained from 
transition of -0.595°C 
India Meteorological Department, Pune 
with a daily total radiation 
transition of -2.411 megajoules per square meter and a -1.617 hours of 
bright sunshine which shows that a linear trend exists among the variables. 
The monsoon recorded a mean maximum temperature transition of 0.881°C 
with a daily total radiation of-1.504 megajoules per square meter and a 
-0.859 hours of sunshine (Table 9.1.2, Fig. 9.3.1). 
The test of linearity at F (1,39) find March and June with significant 
difference at 0.01 level of significance. The correlation coefficient has a 
weak to moderate association both positive and negative (Table 9.4.1). The 
inverse association exists in April. This can be sited with reference to the 
average temperature of the month which has remained high as compared to 
the average daily total radiation which has remained low. 
For November and December although the temperature has 
decreased but the radiation has not decreased in the same proportion. The 
test of linearity shows significant difference for the bright hours of sunshine 
3 ^ 
in January, March, June and October. The correlation coefficient has a weak 
to moderate association with weak negative association during August and 
December (Table 9.4.1). During August the increase in cloud cover can be 
an obstruction to the filtering of the sun rays. Although the bright hours of 
sunshine has remained high the temperature has decreased in December 
owing to the low elevation of the sun. Hence low intensity of solar radiation. 
Although the total solar radiation has presented a declining trend yet the 
temperature trend is high. The cloud cover at this station may increase the 
total albedo, but the tropical summer is sufficient to keep the high 
temperature trend. 
(iv) Minambakkam (Chennai) 
The daily total radiation range at Minambakkam is 9.42 megajoules 
per square metre. It is April which has recorded 24.12 megajoules per square 
metre and December has recorded 14.70 megajoules per square meter. April 
is the summer month with clear skies, therefore it is a possibility. December 
is the winter month with low sun elevation. Therefore a reduction in total 
daily radiation is possible (Table 9.1.0). 
Table: 9.5 
Mean Monthly Energy Balance, Temperature, Cloud Cover and Relative Humidity 
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The bright hours of sunshine range is 4.01 hours with February 
recording 9.694 hours of sunshine, and July recording 5.68 hours of 
sunshine. February by virtue of being a winter month has clear skies, but 
July falling in the monsoon season, presence of clouds and overcast sky is a 
possibility (Table 9.1.1). 
The overall solar radiation at Minambakkam has shown a decline 
between (1965-98). An increase of 0.679 mega joules per square meter was 
recorded in December while a minimum of -1.762 mega joules per square 
meters in August (Table 9.5, Fig. 9.4.1). In Chennai the onset of the 
monsoon is much later. Hence the possibility of clear sky with greater 
insolation in June exists. As February being a winter month, a reduction in 
insolation is not out of the question. 
The winter mean maximum temperature transition for 
Minambakkam recorded 0.908°C as against -0.287 mega joules per square 
meter of daily total radiation with a -0.611 hours of sunshine. Though the 
total radiation had recorded a decline yet the winter temperatures tend to 
increase possibly due to the marine influences. The mean maximum summer 
temperature transition recorded a 0.361°C with a daily total radiation 
declining at -0.691 mega joules and -0.097 hours of sunshine. This trend of 
increasing temperature inspite of reduced energy balance could be attributed 
to both the marine influences as well as the tropical location of the city. 
The mean maximum temperature during the monsoon recorded 
0.233°C transition coupled with the daily total radiation transition of -0.464 
mega joules per square meter and a sunshine duration of -0.634 hours 
(Table 9.1.2, Fig. 9.4.1). The cloud cover is active in reducing the incoming 
solar radiation and enhancing the albedo of the earth. Yet, the increase in the 
temperature trend is the function of the overall high temperatures prevailing 
during the summer months. Also Chennai located at the southern most coast 
of India under strong marine influences and the lower latitudes has a more 
equable climate than either Delhi or Kolkata but to some extent similar to 
Mumbai. 
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Table:.9.5.1 
Correlation Between Mean Monthly Energy Balance and Maximum Temperature at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,32) degrees of freedom at daily total 
radiation shows linearity for all the months at 0.01 level of significance 
except in April, August and December which are significantly different at 
0.01 level. The correlation coefficient shows weak to moderate both positive 
and negative association (Table 9.5.1). Both September and October have 
experienced a decrease in average radiation whereas the temperature average 
has not decreased in the same proportion, which can be attributed for the 
inverse relationship. 
The bright hours of sunshine have a more linear relationship for all 
the months at 0.01 level of significance except for February and December 
where there is a marked difference in linearity. The coefficient of correlation 
has both a positive and negative weak to moderate association (Table 9.5.1). 
The temperature trend for March, August, September and October shows an 
increase whereas the bright hours of sunshine are declining (Table 9.5). 
Thus their negative association can be rightly explained. 
The annual daily radiation for Safdarjung recorded a decline of 
-1.410 megajoules per square meter with -0.898 hours of bright sunshine. 
The annual transition of mean maximum temperature recorded -0.262°C 
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(Table 9.1.2). The same for Mumbai recorded a transition of -1.478 
megajoules per square meter with a 0.184 hours of sunshine and an annual 
temperature transition of 0.525°C (Table 9.1.2). Dum Dum recorded an 
annual daily radiation transition of-2.165 megajoules with a -1.558 hours 
decline in sunshine and an annual mean maximum temperature transition of 
0.200°C. Minambakkam recorded a trend of -0.666 megajoules per square 
metre of daily total radiation with a transition of-0.703 hours of sunshine 
duration and an annual temperature transition of 0.567°C (Table 9.1.2). 
Comparing the trends of the four megacities it is apparent that the 
bright hours of sunshine at Santacruz has an edge over other centers which 
project a general decline with Dum Dum recording the least. The incidence 
of solar radiation too recorded a general decline with Dum Dum again 
recording the least. The annual mean maximum temperatures though 
recorded a general increase in temperature Safdarjung has recorded a 
declining trend. Thus with the exception of Safdarjung the remaining centers 
conform to the general understanding of "greenhouse effect", with 
shortwave radiation fluxes smaller in the city than the countryside. 
II. Relative Transition of Solar Radiation and Cloud Cover : 
Cloud cover has a direct bearing to the amount of insolation that the 
earth receives. One school of thought believes that an increase in the amount 
of clouds may increase the earth's albedo and thus cause cooling.^ 
(i) Safdarjung (Delhi) 
The regression trends of mean monthly cloud cover for Safdarjung 
was variable. February has recorded the maximum increase of 0.217 oktas 
with a minimum of-1.123 oktas transition in April. The total radiation for 
February recorded a transition of-2.112 megajoules per square meter with a 
total sunshine of-1.542 hours. The transition for April -0.648 megajoules 
8 . Brown Paul (1996), Global Warming; Can Civilization Survive ? Universities Press 
(India) Limited, pp. 72-73. 
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per hour of daily total radiation and -0.340 hours of bright sunshine (Table 
9.2, Fig. 9.1.2). 
The seasonal trend in the cloud cover vis-a-vis the solar radiation 
may be illustrated as follows : 
The winter bright hours of sunshine for Safdarjung reduced by 
-2.015 hours while the daily total radiation recorded a decline of-5.798 
mega joules per square meter at a cloud cover transition of -0.222 oktas 
(Table 9.1.2). The over all decline is the characteristic of the weather 
conditions prevailing during that time of the year. During winter the weather 
is usually dry at Delhi thus a reduction in cloud cover well support this 
stance and the reduction in insolation is again owing to the time of the year 
which receives more slanting rays due to the low solar elevation in the 
northern hemisphere. Hence the energy balance is far reduced. 
The summer bright hours of sunshine showed a transition of-1.008 
hours with a daily total radiation transition of-1.640 mega joules per square 
meter along with a cloud cover of-0.331 oktas. There has been a total 
reduction in the insolation. This could be attributed quite strongly to the 
frequent dust storms called andhi. The monsoon cloud cover has recorded a 
decreasing trend of-0.092 oktas with a solar radiation transition of 0.131 
hours of bright sunshine and a -0.424 mega joules per square meter of total 
radiation (Table 9.1.2, Fig. 9.1.2). Though there has been a decline in the 
trend of total cloud cover, yet the overcast has been effective in decreasing 
the total solar radiation, by increasing the albedo. The average cloud cover 
at Delhi during the study period has been very low. There exists linearity at 
F (1,40) degrees of freedom for all the months at 0.01 level of significance. 




Correlation Between Mean Monthly Energy Balance and Cloud Cover at Safdarjung 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The positive association is well defined in the winter months when 
both the amount of solar radiation and cloud cover is less. The negative 
association is mostly during the summer months when the amount of solar 
radiation increases, but the cloud cover does not increase in the same 
proportion. During the monsoons also the high amount of cloud cover does 
not increase in the same proportion, also the high amount of cloud cover 
restricts the filtering of solar radiation and therefore the negative association 
holds good for the season. 
The test of linearity at 1 and 40 degrees of freedom for sunshine 
hours has linear relation for all the months except October. The bright hours 
of sunshine has also demonstrated a weak negative to positive association 
(Table 9.2.2). The annual cloud cover transition was -0.219 oktas with the 
annual transition in daily total radiation of-1.410 mega joules per square 
meters and a transition of-0.898 hours of sunshine duration (Table 9.1.2). 
(ii) Santacruz (Mumbai) 
The mean monthly transition in cloud cover for Santacruz has 
shown a sharp decline in all the months, except March, September, 
November and December. December recorded the maximum transition of 
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0.418 oktas. The daily total radiation transition was -2.044 megajoules per 
square meter and the sunshine duration too has shown a declining transition 
of -1.005 hours. A seasonal analysis shows the winter season to have 
recorded a transition of-1.779 megajoules per hour of daily total radiation 
with a sunshine duration transition of 0.082 hours, along with an overcast of 
only -0.042 oktas (Table 9.1.2). Winters in India are generally dry, and 
Santacruz with such a record ensures fair weather conditions. The winters in 
the island are highly equable with regular marine breeze. 
The summer season recorded a further decline in the daily total 
radiation transition of-1.881 mega joules per square meter with a 0.742 
transition of bright sunshine hours, this was further punctuated with a cloud 
cover transition of 0.007 oktas. During summers the sky remains clear which 
supports the positive trend in bright hours of sunshine and thus the trend is 
satisfactory. 
The monsoons recorded a transition of -1.401 mega joules per 
square meters with a -0.098 hours of sunshine duration with a declining 
cloud cover transition of-0.145 oktas. Though the transition in the total 
amount of cloud cover has been small yet it has been effective in reducing 
the overall energy balance (Table 9.1.2, Fig. 9.1.2). 
Table:9.3.2 
Correlation Between Mean Monthly Energy Balance and Cloud Cover at Santacruz 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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Santacruz has thus demonstrated an overall reduction in energy 
balance between (1970-99) with the cloud cover also showing a negative 
transition in all the seasons except for summer. The annual transition 
recorded -0.034 oktas cloud cover coupled with a daily total radiation 
transition of -1.478 mega joules per square meter and an associated 
transition of 0.185 bright hours of sunshine. 
The average cloud cover for Sanctacruz has been low except for the 
monsoon months July, August and September when the sky is overcast. The 
test of linearity at 1 and 27 degrees of freedom F(l,27) between cloud cover 
and daily total radiation fmd significant difference in the computed value of 
June, July, August, October and November at 0.01 level of significance. 
This can be explained with the help of correlation coefficient which shows 
an overall negative weak to strong association for all the months, except 
February (Table 9.3.2), such an association can be explained in view of the 
fact that the global solar radiation is actually decreasing. 
The average bright hours of sunshine at Santacruz is high with a 
sharp decrease being noted only during the monsoon months. The relative 
transition in the same can be seen in the Table 9.3. The association with 
cloud cover shows signiUcant difference in June, July, October, November 
and December at 0.01 level of significance. The coefficient of correlation is 
both a positive and negative weak to strong association (Table 9.3.2). This 
association holds good at different measure for several other months also. 
(iii) Duni Dum (Kolkata) 
Both the transitions in daily total radiation and the bright hours of 
sunshine have recorded a constant decline for Dum Dum, coupled with the 
cloud cover which has recorded a positive trend all through except for 
January (Table 9.4). This shows plausible causal relationship among these 
meteorological factors. The maximum positive transition of 3.814 oktas was 
recorded for November. The corresponding daily total radiation for 
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November recorded -2.971 mega joules per square meter with a -2.05 hours 
of bright sunshine (Table 9.4). 
A seasonal analysis for Dum Dum between (1958-98) recorded a 
daily total radiation of-2.813 mega joules per square meter with a -2.583 
hours of sunshine at 0.042 oktas cloud cover for winters. Kolkata being 
located at the eastern coast of the country and having a strong monsoon type 
of climate at the head of Bay of Bengal. The general cloudy weather during 
winters may be attributed to the occasional pressure differences between the 
land and sea. The summers recorded a daily total radiation transition of 
-2.411 megajoules per square meter and a -1.617 hours of sunshine 
transition. The cloud cover recorded a transition of 1.152 oktas. Due to 
increased transition in cloud cover there is a reduction in total energy 
balance during summers. 
Table:9.4.2 
Correlation Between Mean Monthly Energy Balance and Cloud Cover at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The monsoon season similarly recorded a transition of-1.504 mega 
joules per square meter with a -0.859 bright hours of sunshine and 0.196 
oktas of total cloud cover (Table 9.1.2, Fig. 9.3.2). Thus the trend among 
both the parameters here complement each other. The annual transition of 
0.28 oktas with an energy balance of -2.165 megajoules per square meter 
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and a -1.558 hours of sunshine transition, again complement the entire 
situation for Dum Dum (Table 9.4, Fig. 9.3.2). 
The test of linearity at 1 and 39 degrees of freedom show low 
significance for most of the months at 0.01 level. The correlation coefficient 
too for all the months has demonstrated a moderately inverse association. As 
there is an increasing trend of cloud cover at Dum Dum with negative solar 
radiation for all the months, the association appears very plausible. Also, for 
bright hours of sunshine, the test of linearity at 1 and 39 degrees of freedom 
is not significant for most of the months at 0.01 level of significance. The 
correlation coefficient is weak to strong with negative association between 
the two variables (Table 9.4.2). Keeping the trends of cloud cover and bright 
hours of sunshine in view this association appears true. 
(iv) Minambakkam (Chennai) 
The transition in daily total radiation at Minambakkam has recorded 
a constant decline, with the duration of sunshine also following a similar 
trend with slight variation. The cloud cover is slightly variable (Table 9.5). 
Minambakkam has recorded a high cloud cover transition of a 
magnitude of 0.703 oktas during March with the corresponding daily total 
radiation transition of -0.743 mega joules per square meter and a -0.647 
hours of sunshine, which complement each other. The lowest trend of 
-0.908 oktas was recorded for December with a total daily radiation of 
0.679 mega joules per square meter and a 0.129 hours of sunshine duration. 
The loss in energy balance is the outcome of the incidence of the solar rays 
which during this time of the year is slanting in the northern hemisphere. 
The annual cloud cover of-0.049 oktas may be compared with -0.666 mega 
joules per square meters of total daily radiation along with -0.703 hours of 
sunshine duration (Table 9.5), 
The seasonal transition of winter recorded -0.287 mega joules per 
square meter of daily total radiation and -0.611 bright hours of sunshine 
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duration, with a cloud cover of -0.162 oktas. Such a trend is very 
conforming to the general climatic conditions prevalent at that time of year. 
The summer transition recorded -0.691 mega joules per square meter with a 
bright sunshine duration transition of -0.097 hours, under a cloud cover 
transition of 0.096oktas. The trend in cloud cover could be attributed to the 
marine influences and pressure difference between the land and sea. 
The monsoonal transition in the energy balance recorded -0.464 
mega joules per square meter and -0.634 bright hours of sunshine duration, 
with a cloud cover trend of -0.097 oktas. The over all decreasing trend 
during the monsoons is not conforming to the general understanding (Table 
9.1.2, Fig. 9.4.2). Though there is a decline in the cloud cover transition, yet 
it is effective enough in increasing the albedo of the earth, and also of that 
place and thus reducing the combined energy balance. 
Table:9.5.2 
Correlation Between Mean Monthly Energy Balance and Cloud Cover at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,33) degrees of freedom is less 
significant at 0.01 level of significance for most of the months. The 
correlation coefficient is showing moderate to strong inverse association for 
all the months except June. As the cloud cover has shown a decline in this 
particular month with an increased energy balance, this kind of association 
381 
is feasible (Table 9.5.2). The bright hours of sunshine show no linearity at 1 
and 33 degrees with the cloud cover for any month which can be explained 
with regard to the coefficient of correlation. It shows a moderate to strong 
inverse association, which is true for a city such as Chennai (Table 9.5.2). 
It may be concluded that in all the megacities except for Mumbai 
the overall sunshine duration and total daily radiation is decreasing even 
though the total cloud cover transition is at its decline except for Dum Dum. 
The exceptional stability of Mumbai can be attributed to its peninsular 
location on the western coast. The climatic regime of Mumbai is highly 
uniform as compared to other megapolises of India. Such a trend is a well 
founded evidence to support the 'greenhouse effect' of the local smoke pall 
or pollution which reduces the shortwave radiation fluxes by 6 per cent 
within the city, and long wave radiation fluxes from 1 to 14 per cent larger 
within the city than outside (Patterson, 1969).^ 
III. Relative Transition of Solar Radiation and Relative Humidity 
(i) Safdarjung (Delhi) 
The percentage transition of mean monthly relative humidity for 
Safdarjung was quite high. A seasonal review of this with the average 
seasonal transition of solar radiation showed an average winter transition of 
8.526 per cent with a daily solar radiation of-5.798 mega joules per square 
meter and a -2.015 hours of sunshine duration. This reduction in the average 
energy balance may favour increasing percentage of humidity. 
The summers have recorded a 5.680 per cent humidity with a daily 
solar radiation of -1.640mega joules per square meter and a sunshine 
duration of -1.008 hours. A reduction in total energy balance may be 
accounted for greater humidity. The monsoons have recorded a 3.572 per 
cent transition in relative humidity with a daily solar radiation of -0.424 
Patterson (1969) in Smith K. edited (1975) Principles of Applied Climatology, McGraw 
Hill Book Company (UK) Limited, London, pp. 51, 
382 










































































(jq/ ui/sa|onrB33Uj) ssuBieg XSjsug 
383 
mega joules per square meter with a 0.131 hours of sunshine duration. The 
increase in radiation is owing to the unrestricted clean atmosphere in the 
monsoons. Thus, it may be said that the monsoon has experienced the 
highest per cent of transition in relative humidity with increased transition in 
the daily total radiation and sharp decline in the hours of sunshine. The 
annual transition of 6.093 per cent with a -1.410 mega joules per square 
meters and-0.898 hours of sunshine (Table 9.1.2, Fig. 9.1.3). 
Table: 9.2.3 
Correlation Between Mean Monthly Energy Balance and Relative Humidity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,40) degrees of freedom between relative 
humidity and daily total radiation whose tabulated value is 7.3 is significant 
at 0.01 level for all the months except April, July, August and the Annual. 
The correlation coefficient is both positive and negative weak to moderate 
association (Table 9.2.3). The positive association is in keeping with the 
time of the year when both relative humidity and radiation is small. 
The bright hours of sunshine at the same degree of freedom show 
linearity between the two variables at 0.01 level of significance for all the 
months except October where the relative humidity has decreased 
considerably due to the retreat of the monsoon and an increase in the bright 
hours of sunshine. The correlation coefficient is both a positive and negative 
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weak association (Table 9.2.3) which very well explains that relative 
humidity is a function of both temperature and cloud cover rather than solar 
radiation. The low amount of moisture during winters only demonstrates a 
weak positive association. 
(ii) Santacruz (Mumbai) 
The percentage transition of mean monthly relative humidity for 
Sanctacruz has recorded an increasing trend with slight variability. The 
seasonal transition during winter recorded 0.128 per cent relative humidity 
with a daily total radiation of-1.779 mega joules per square meters and a 
0.082 transition of hours of sunshine duration. This reduction in energy 
balance is owing to the winter season in the northern hemisphere. 
Table:9.3.3 
Correlation Between Mean Monthly Energy Balance and Relative Humidity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The per cent transition in summers recorded 0.796 per cent relative 
humidity with -1.881 mega joules per square meters and 0.742 hours of 
bright sunshine. Though the total energy balance has recorded a decline yet 
the hours of sunshine has recorded an uptrend vis-a-vis the relative humidity 
compared to that of winters. The monsoonal transition in relative humidity 
recorded a -2.475 per cent with a -1.401 mega joules per square meter daily 
total radiation and a transition of -0.098 hours of sunshine duration. The 
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overall daily total radiation for Santacruz has recorded a decline, though the 
hours of sunshine have been somewhat fluctuating and the relative humidity 
has declined from winters through monsoon. 
The annual humidity recorded a transition of-0.554 per cent with a 
daily total radiation transition of-1.478 mega joules per square meters with 
0.185 hours of sunshine (Table 9.1.2, Fig. 9.2.3). Thus, again there was an 
overall decline in total daily radiation even though the hours of sunshine 
may have shown an increase. The computed value of the test of linearity at F 
(1,27) has shown higher values for June, July, August, September and 
November which explains that there is significant difference between the 
variables at 0.01 level of significance. The correlation coefficient shows a 
weak to moderate inverse association in all the months, except February and 
the Annual (Table 9.3.3). The bright hours of sunshine shows significant 
difference with regard to cloud cover at 0.01 level of significance in the 
months of June, September and November. The correlation coefficient is 
both a positive and negative in a weak to strong association (Table 9.3.3). 
(iii) Dum Dum (Kolkata) 
The percentage transition of mean monthly relative humidity for 
Dum Dum though fluctuating has presented both a positive and negative 
transition with an increase during the winters and gradually decreasing in 
other seasons. A seasonal view of this with the average seasonal pattern of 
solar radiation showed an average winter transition of 0.362 percent with a 
daily solar radiation transition of-2.813 megajoules per square meters and a 
-2.583 hours of sunshine duration. The declining trend of energy balance 
may favour the effectiveness of the increased humidity. The summers have 
recorded an average transition of 2.038 per cent with a daily total radiation 
transition on an average of-2.411 mega joules per square meter coupled 
with a negative transition of-1.617 hours of sunshine duration. 
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The monsoons have recorded an average transition of -0.065 per 
cent in relative humidity with an average daily solar radiation transition of 
-1.504 mega joules per square meter and an average transition of-0.859 
hours of sunshine duration (Table 9.1.2, Fig. 9.4.3). The net decline in 
energy balance is a pointer towards a decline in evaporation which would 
ultimately affect a decrease in humidity. The annual transition of 0.301 per 
cent relative humidity with the daily total radiation recording a transition of 
-2.165 mega joules per square meters with a -1.558 hours transition of 
sunshine duration. Thus between 1958-98 the annual increase in relative 
humidity at Dum Dum may be affirmed to a decrease in the net energy 
balance. 
Table:9.4.3 
Correlation Between Mean Monthly Energy Balance and Relative Humidity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The computed value of the test of linearity at F (1,39) has shown 
higher values for February, March, June, August, September and October, 
which explains that there is significant difference between the variables at 
0.01 level of significance. The correlation coefficient for all the months 
except January shows a weak to moderate inverse association (Table 9.4.3). 
Although the average relative humidity is sufficiently high for all the 
months so also average radiation but the increasing trend of cloud cover has 
389 
actually restricted direct radiation to the minimum, so the association can be 
regarded as valid. 
The bright hours of sunshine show significant difference with 
relative humidity at 0.01 level for the months of May, June, July, August, 
September and October, when the sky is usually overcast with cloud cover. 
There exists an inverse association between the two for all these months 
(Table 9.4.3). As pointed out earlier, a decrease in bright hours of sunshine 
with increased cloud cover will encourage more stable conditions as the 
vertical movement is restricted, as a result the relative humidity will 
increase. Thus the inverse association can be proved right. 
(iv) Minambakkam (Chennai) 
The percentage variation in the mean monthly relative humidity 
transition was quite high. A review of the average seasonal transition of 
solar radiation showed an average winter transition of -0.287 megajoules 
per square meter at -0.611 hours of sunshine with a relative humidity 
transition of 1.928 per cent. The summers recorded a 2.721 per cent 
transition in relative humidity with a daily total radiation transition of 
-0.691 megajoules per square meter and a -0.097 hours of sunshine 
duration. The higher percentage transition in relative humidity may be 
owing to the reduction in the total energy balance. 
The monsoons recorded a declining trend of transition in relative 
humidity with 1.138 per cent at -0.464 mega joules per square meter of 
daily total radiation and a -0.634 hours of sunshine duration. The winters 
have recorded the least transition in relative humidity with also the 
minimum energy balance. The annual transition of 1.713 per cent had a 
bearing on -0.666 megajoules per square meter of daily total radiation and 
-0.703 hours of bright sunshine (Table 9.1.2, Fig. 9.5.3). 
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Table:9.5.3 
Correlation Between Mean Monthly Energy Balance and Relative Humidity at 





































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The test of linearity at F (1,32) shows significant difference between 
the variables of relative humidity and daily solar radiation during February, 
October, November and December. It can be explained by considering the 
correlation coefficient which is a total inverse association for all the months 
except June and the annual (Table 9.5.3). Such an association points to the 
fact that relative humidity has no direct association with radiation although 
there exists high average relative humidity and daily total radiation at 
Minambakkam. The bright hours of sunshine show higher computed values 
at F (1,32) for January, February, September, October, November and 
December at 0.01 level of significance. The correlation coefficient is a weak 
to strong inverse association for all the months, except June (Table 9.5.3). 
As the relative humidity has shown an increasing trend in June with also 
increased radiation and bright hours of sunshine, this can be considered fit 
for such a behaviour. Also, the negative association can be explained in the 
same light, with a general increasing trend of relative humidity at 
Minambakkam coupled with a declining bright hours of sunshine. The 




WIND VELOCITY TRANSITION AND URBAN 
HEAT ISLAND 
* Mutual Transition between Temperature, Pressure 
and Wind Velocity 
* Mutual Transition between Mean Sea Level Pressure 
and Wind Velocity 
Chapter - X 
WIND VELOCITY TRANSITION AND URBAN HEAT ISLAND 
Urban heat-islands are capable of modifying local air circulations 
and the evidence presented for Leicester by Chandler (1961b)', as well as 
the one provided by Clarke (1969a) for Cincinnati, indicates the existence 
of thermally induced near surface winds flowing across the boundaries of 
the built-up areas. In Toronto, Canada during the winter Findlay and Hirt 
(1969)" found an example of a weak centripetal wind system generated by 
the urban heat-island in the day time as well as at night; similarly Schmidt 
(1963)'* measured the airflow around an oil refinery covering only 4 km^ in 
the Netherlands and demonstrated the existence of a minor cyclonic 
circulation with ascending air at the center reaching vertical velocities of 
around 9 mtrs/minute. 
However, the major modifications in airflow are created by the 
surface morphology of towns, as the irregular skyline presents a rough 
surface which, in turn, acts as a mechanical brake. This reduces mean wind 
speeds within the city complex and Chandler (1965)^ has claimed that 
average speeds within central London are about 5 per cent lower than in 
rural environs. On the other hand, this extra frictional resistance is not 
applied uniformly and local eddying and turbulence of corridor effect can 
increase speeds at some sites, especially where the street plan favours the 
channeling of airflow down a particular thoroughfare. Further complications 
may arise from variations in the underlying topography. 
1. Chandler (1961b) and Clark (1969a) in Smith K. (1975) (ed) Principles of Applied 
Climatology, McGraw Hill Book Company Ltd., London, p. 59. 
2 . Ibid. 
3 . Ibid. 
4 . Ibid. 
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Urban wind speeds are also significant that, above certain threshold 
values, airflow can lead to either the dislocation or the complete elimination 
of heat-islands through the combined effects of upward turbulence and 
lateral advection in the lower atmosphere. Chandler's work suggests that the 
thermal consequences of London are destroyed by wind speeds in excess of 
about 11 m/sec. And that lighter air movements displace the center of the 
heat island downwind with a resulting asymmetrical outline of the warm air. 
In smaller settlements, the thermal effects are more easily eliminated and 
Parry (1956a)^ has proposed a threshold windspeed of only 4.5-6.7 m/sec for 
Reading. 
Table: 10.1.1 
Mean Seasonal and Annual Wind Velocity, Average Tempera ture and Mean Sea Level 
















































































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
6. Ibid. 
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Wind velocity is a function of both temperature and pressure. Here, 
the temporal trends in wind velocity in the four megacities have been 
examined, and the mutual relationship with the average temperature and 
mean sea level pressure trends have been brought out. 
I. Mutual Transition between Temperature, Pressure and Wind 
Velocity 
(i)Palam (Delhi) 
The mean monthly range in wind velocity at Palam is 11.16 km/hr 
with May recording 16.9 km/hr and November recording 5.74 km/hr. This 
high range may be owing to the presence of more open spaces at Palam. 
Mean monthly wind velocity transition for Palam between (1957-2000) 
showed an overall decline, for all the months. This is commensurate with 
several other findings referred to earlier. A seasonal regression trend for 
winters recorded a decline of -2.059 kilometers per hour with an 
average corresponding temperature transition of 1.111°C. Thus an increased 
temperature transition and a decreasing air pressure with a highly reduced 
wind velocity is just apt for the development of urban heat-island. This may 
get enhanced owing to the atmospheric stability prevailing at this time of the 
year. 
Table:10.2 
Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 
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Mutual Relationship Between Mean Monthly Wind Velocity 
and Average Temperature Transition at Palam (1957-2000) 
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Fig: 10.1.1 
Mutual Relationship Between Mean Monthly Wind Velocity 
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The average summer conditions were far from good. A high average 
temperature transition of 0.999°C influencing a windspeed transition of 
-4.002 icilometers per hour is highly favourable for the building up of the 
heat-island. This could actually enhance human discomfort. During the 
monsoon season the average temperature transition still recorded an 
increasing trend of 0.561°C with a wind velocity of -3.189 
kilometers per hour (Table 10.1.1, Fig. 10.1.1). 
The annual average temperature transition for Palam recorded a 
high of 1.019°C with a corresponding wind velocity transition of-3.548 
kilometers per hour. Hence, one can decipher an inverse relationship 
between the transition in temperature and the wind velocity. 
(ii) Safdarjung (Delhi) 
The mean monthly wind velocity range at Safdarjung is 9.29 kms/hr 
with 3.61 km/hr recorded in November and 12.9 km/hr recorded for March 
and April. Compared to Palam, the wind velocity has shown a deceleration 
at Safdarjung owing to the obstruction caused by the builtup density. Mean 
monthly wind velocity transition for Safdarjung between (1957-2000) 
recorded an overall decline through the months. A seasonal trend for winters 
recorded a decline of -4.658 kms per hour, with an average temperature 
transition of -0.081°C. The mean summer wind velocity transition was 
-7.296 kilometers per hour with an average temperature transition of 
-0.086°C. During the monsoon season the wind velocity showed no 
improvement and remained at a still low of-5.145 kilometers per hour at an 
average temperature transition of 0.243°C (Table 10.1.1, Fig. 10.1.2). 
Thus the seasonal trend for Safdarjung has so far recorded a decline 
both in temperature leading to declining wind velocity transitions. Winters 
with a high degree of temperature increase with reduced wind velocity may 
present a very alarming condition for heat-island development. During 
summers though there was a lower temperature transition yet the maximum 
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decline in wind velocity transition may enhance an alarming heat island 
effect. Similar was the situation during the monsoon. The average annual 
temperature transition recorded a decline of only -0.022 coupled with a 
wind velocity transition of-5.315 kilometers per hour. 
Table:10.2.1 
Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
On comparing the trends of the two stations at Delhi it is evident 
that inspite of greater increase in temperature transition at Palam than at 
Safdarjung, Palam still records less pronounced heat-island effect because of 
still higher wind velocity prevailing there, than at Safdarjung. Hence, wind 
velocity changes are more a function of builtup density than the temperature. 
(iii) Colaba (Mumbai) 
The wind velocity range at Colaba is 4.13 km/hr with 12.6 km/hr 
recorded in May and 8.47 km/hr recorded in November. The mean monthly 
wind velocity at Colaba has recorded a more or less similar trend as at 
Santacruz. There has been an overall decline during (1951-98). A seasonal 
regression trend for winters recorded an average temperature transition of 
0.116°C with a windspeed transition of-6.541 kilometers per hour. Thus 
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Table:10.3 



























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summer time wind velocity regression trend of -8.187 
kilometers per hour with a corresponding temperature transition of-0.006°C 
may actually entail milder weather conditions, though the wind velocity 
transition remains close to that during winters but the average temperature 
transition had been insignificant. The monsoon wind velocity still recorded a 
decline to -8.009 kilometers per hour whereas the temperature recorded an 
increase of 0.409*^0. Thus it is obvious that the weather conditions are 
endorsing a heat-island situation (Table 10.1.1, Fig. 10.2.1). The annual 
transition in wind velocity recorded a decline of-7.245 kilometers per hour 
with an average temperature transition of 0.268°C. 
(iv) Santacruz (Mumbai) 
The wind velocity range recorded 6.80 km/hr with April recording 
17.2 km/hr and December recording 11.14 km/hr. Here it is Santacruz, 
which has a higher range. Mean monthly wind velocity transition for 
Santacruz during (1951-1998) has shown a declining trend with little 
fluctuations in some months. A seasonal regression trend for wind velocity 
during the winters recorded a declining trend of-6.757 kilometers per hour 
with a corresponding average temperature transition of 0.750°C. 
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Mutual Relationship Between Mean Monthly Wind Velocity 
and AverageTemperature Transition at Colaba (1952-1998) 
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Fig: 10.2.1 
Mutual Relationship Between Mean Monthly Wind Velocity 
and Average Temperature Transition at Santacruz (1952-1998) 




Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
A summer transition in wind velocity recorded -9.176 kilometers 
per hour with a temperature transition of 0.393°C. The monsoons recorded a 
wind velocity transition of-9.217 kilometers per hour with an increasing 
temperature transition of 1.089°C (Table 10.1.1, Fig. 10.2.2). The influence 
of temperature change on wind velocity transition is more pronounced 
because the air during summers is inherently lighter than during the winters. 
So from above it may be inferred that as the temperature trend 
increased the wind velocity has decreased. So with such a temperature and 
wind velocity transition no season has an escape from a well developed 
heat-island with monsoons representing the worst situation. During the rainy 
monsoon season the heat island effect is punctuated with unbearable high 
humidity. This renders the wet summer months more uncomfortable than the 
dry summer months. As a result monsoons may be considered to be highly 
muggy a characteristic of the tropics. The annual transition was no good 
either recording a decrease of -8.077 kilometers per hours in wind velocity 
with an average temperature transition of 0.893°C. 
A comparison of the two stations at Mumbai finds Santacruz highly 
responsive for the prevalence of a strong heat-island in all seasons with 
higher temperature profile and much reduced wind velocity. This is because 
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of the geographical location of Santacruz which is considerably inland. The 
location of Colaba is at the long narrow tip of the island. Marine influences 
are more pronounced at Colaba. This could also be owing to the density of 
the built-up area at Santacruz than at Colaba. Yet, the reduction in wind 
speed is so significant that it may not be effective in removing the heat-
island. 
(v) Kolkata (Kolkata) 
At Kolkata the wind velocity range is 8.83 km/hr. The 9.93 km/hr 
velocity is recorded in May and 1.1 km/hr recorded in December. Mean 
monthly wind velocity for Kolkata during (1951-98) has recorded a 
declining trend although with fluctuations. A seasonal trend for winters 
recorded a declining trend of-0.310 kilometers per hour, with an average 
temperature transition of-0.337°C. 
Table: 10.4 
Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
A summer transition of -3.025 kilometers per hour with a 
temperature transition of -0.777°C, and the monsoons recorded a wind 
velocity of -1.784 kilometers per hour with a temperature transition of 
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From, the foregoing results it can be inferred that though the average 
temperature transition has shown a decline for both winters and summers, 
though an increase during the monsoons may be effective. The wind speed 
too has declined in all the seasons. Thus neither the temperature transition 
nor the wind velocity is effective enough for a well developed heat-island 
for Kolkata as compared to meteorological stations in other mega cities of 
India. The annual windspeed recorded a transition of-1.495 kilometers per 
hour with a temperature transition of -0.075°C. Thus, this record also 
supports the above findings. This unique situation of linear relationship 
between the temperature transition and the wind velocity transition could 
also be attributed to the inherent problem of data from this meteorological 
station. 
(vi) Dum Dum (Kolkata) 
The wind velocity range at Dum Dum is 1.5 km/hr with 12.9 km/hr 
recorded in May and 1.4 km/hr recorded in December. Mean monthly wind 
velocity for Dum Dum between (1951-98) too recorded a decline in the 
months from January to September with wide fluctuations and gradually 
increased in the later months. 
Table 10.4.1 
Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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Mutual Relationship Between Mean Monthly Wind Velocity 
and Average Temperature Transition at Kolkata (1951-1998) 
I Wind Velocity Temperature 
Fig: 10.3.1 
Mutual Relationship Between Mean Monthly Wind Velocity 
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The seasonal trend for winters recorded a -0.874 kilometers per 
hour wind velocity with a temperature transition of-0.029°C.The summer 
transition of -8.614 kilometers per hour recorded a decline in average 
temperature of -0.428°C. Such a high decrease in wind velocity may 
actually cause the building up of a heat-island even though the temperature 
trend has recorded a decline, due to the stagnating warm air.During the 
monsoon season the average temperature transition of 0.534''C at a wind 
speed transition of-5.577 kilometers per hour may be active in building up 
the heat island (Table 10.1.1, Fig. 10.3.2). 
The annual wind velocity transition recorded -4.587 kilometers per 
hour with a temperature transition of 0.244°C. Thus Dum Dum has recorded 
a declining temperature trend during both winters and summers but a small 
increase during the monsoons. To complement such a situation the wind 
velocity transition too has declined specially during summers, which inspite 
of declining temperature trend would be effective in producing the heat-
island, as the season is hot enough to harbour warmth. Monsoons in 
themselves are effective in the development of heat-island. 
A comparison of the two stations finds Dum Dum fairly well 
conditioned to the growth of a heat-island with far sluggish wind velocity 
than Kolkata and the temperature figures too recorded a high vis-a-vis 
Kolkata. Such a condition can be attributed to the location of the Kolkata 
meteorological station close to the river, where the street plan favours the 
channeling of airflow. 
(vii) Nungambakkam (Chennai) 
The wind velocity range at Nungambakkam is 3.01 km per hour 
with 7.61 km/hr recorded in June and 4.79 km/hr during October. Mean 
monthly wind velocity transition for Nungambakkam during (1965-98) 
recorded an overall decline. The winter season transifion recorded a 0.881°C 
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Table : 10.5 
Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summers recorded an average temperature transition of 0.799°C 
with a wind velocity transition of-1.155 kilometers per hour. The monsoons 
recorded a 0.552''C transition with a wind velocity transition of -1.765 
kilometers per hour. Thus, all the seasons potray a condition for the 
development of heat island at Nungambakkam (Table 10.1.1, Fig. 
10.4.1).The annual transition for wind velocity recorded a -1.214 kilometers 
per hour with an average temperature transition of 0.729°C. 
(viii) Minambakkam (Chennai) 
Mean monthly wind velocity transition for Minambakkam between 
(1965-98) showed an overall decline for all the months. A seasonal 
regression trend for winters recorded a transition of 0.740°C for average 
temperature and a wind velocity transition of -2.606 kilometers per hour. 
Being located within the tropics it is warm throughout the year and thus 
there is greater possibility of the incidence of heat-island. 
The summers recorded an average temperature transition of 0.289°C 
with a wind velocity transition of-2.310 kilometers per hour. Thus, the 
reduced wind velocity with increased temperature transition may prove 
consequential for the growth of the heat-island. 
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Mutual Relationship Between Mean Monthly Wind Velocity 
and Average Temperature Transition at Nungambakkam 
(1965-1998) 
-2.5 
i Wind Velocity Temperature 
Fig: 10.4.1 
Mutual Relationship Between Mean Monthly Wind Velocity 
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Mean Monthly Wind Velocity, Average Temperature and Mean Sea Level Pressure 


























































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
During monsoons the temperature recorded an increased transition 
of 0.273°C with a wind velocity transition of-3.551 kilometers per hour, 
which again is a pointer towards a significant heat-island development 
(Table 10.1.1, Fig. 10.4.3). The annual wind velocity recorded a transition 
of-2.989 kilometers per hour with a corresponding temperature transition of 
0.472°C. 
A comparison of the trend between the two stations found 
Nungmbakkam warmer than Minambakkam, but the wind velocity has 
recorded a greater decline at Minambakkam than at Nungambakkam. This 
may be due to the location of Nungambakkam which is nearer to the marine 
influences of the Bay of Bengal and also the street layout which is fashioned 
to channel the airflow. The wind velocity has been maximum during the 
summer season and have shown a decline during the winter months. 
Amongst the four cities the difference in range between the inner 
city and the suburb is the least for Delhi and high in case of Chennai. This 
can be attributed to the landuse existing at the suburban station, which at 
Minambakkam is not as heavily built with regard to other cities. 
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II. Mutual Transition Between Mean Sea Level Pressure and Wind 
Velocity 
(i) Palam (Delhi) 
As already stated the mean monthly wind velocity transition for 
Palam between (1957-2000) showed an overall decline, for all the months. 
The mean sea level pressure at Palam was below the standard sea-level 
pressure of 1013.25 millions for all the months. There has been a positive 
rate of change in all the months under study except for November, which 
show a decline (Table 10.2). A seasonal transition during the study period of 
(1957-2000) recorded a 0.644 millibars of change during winters. The 
corresponding wind velocity showed a decline of -2.059 kilometers per 
hour. As during the winter season there exists a well built high pressure 
regime in the heart of the land well depicted by Delhi, therefore such a 
relationship may be affirmed to.The summer season recorded a further 
decline in wind velocity transition to -4.002 kilometers per hour with the 
pressure showing an increasing trend of 0.497 millibars. The monsoon 
season has recorded a transition of 1.656 millibars at a wind velocity 
transition of-3.189 kilometers per hour. The annual average transition was 
a high of 1.552 millibars with the wind velocity declining at -3.548 
kilometers per hour (Table 10.1.1, Fig. 10.1.3). 
Table: 10.2.2 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
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Mutual Relationship Between Mean Monthly Wind Velocity 
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Fig: 10.1.3 
Mutual Relationship Between Mean Monthly Wind Velocity 
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The F statistic at 1 and 32 degrees of freedom is higher than the 
computed values in all the months except December which is demonstrating 
a higher value. Hence, the relationship is significant for all the months at 
0.01 level except for December. The correlation coefficient is a positive and 
negative weak association (Table 10.2.2). 
(ii) Safdarjung (Delhi) 
As already mentioned for Palam there has been an overall decline in 
the mean monthly wind velocity transition at Safdarjung too. The mean 
monthly transition in the pressure has shown an increasing trend with a 
negative during April and another during November (Table 10.2.1). A 
seasonal transition during the study period of (1957-2000) recorded a 
change of 0.411 millibars during the winter season. The corresponding wind 
velocity recorded a -4.658 km/hr. The summer season had recorded a 
transition of 0.956 millibars with a wind velocity transition of-7.296 km/hr. 
During the monsoon season the rate of change was 1.120 millibars with a 
wind velocity change of -5.145 km/hr. The annual average pressure 
transition was 1.092 millibars with a wind velocity transition of-5.315 
kilometers per hour (Table 10.1.1, Fig. 10.1.4). 
Amongst the two stations the seasonal as well as annual transition in 
pressure was lower at Safdarjung than at Palam. The wind velocity transition 
too was lower than at Palam. It can be explained keeping in view the high 
built up density at Safdarjung which favours trapping of the incoming solar 
radiation which in turn would alter the pressure, therefore the existence of 
low pressure at Safdarjung may be justified. So, also the built up structure 
retards wind velocity and hence the relatively weaker wind velocity at 
Safdarjung. 
The F statistic at 1 and 42 degrees of freedom is 7.1 which is higher 
than the computed values for all months. Hence, the relationship between 
wind velocity and the mean station pressure is significant, at 0.01 level. The 
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correlation coefficient is botli positive and negative weak association. Such 
a relationship is pertaining to the respective transitions of each variable 
(Table 10.2.2). 
(iii) Colaba (Mumbai) 
The mean monthly wind velocity at Colaba has recorded an overall 
decline in all the months. The mean sea level pressure has mostly shown an 
increasing trend with January, June and November showing a decline (Table 
10.3). 
Table: 10.3.2 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
A seasonal review of the trends finds winter recording 0.259 
millibars of transition with the wind velocity transition of-6.541 km/hr. The 
summer season recorded a transition of 0.776 millibars pressure with the 
wind velocity transition of -8.187 kms/hr. The monsoons recorded a 
pressure transition of 0.704 millibars with the wind velocity transition of 
-8.009 kms/hr. The annual average transition in wind velocity records a 
decline of-7.245 km/hr with the average annual pressure transition of 0.442 
millibars (Table 10.1.1, Fig. 10.2.3). 
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Mutual Relationship Between Mean Monthly Wind Velocity 
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The F statistic at 1 and 45 degrees of freedom has demonstrated a 
significant relationship between the two variables at 0.01 level. The 
correlation coefficient is both a positive and negative weak association 
(Table 10.3.2). 
(iv) Santacruz (Mumbai) 
Mean monthly wind velocity for Santacruz during (1951-98) has 
shown a declining trend in all the months with slight fluctuations (Table 
10.3.1). The seasonal transition has recorded a negative in both the 
parameters. The wind velocity recorded a decline of-6.757 km/hr with the 
pressure transition of 0.277 millibars. The summer season recorded a 
pressure transition of 0.432 millibars with the wind velocity transition of 
-9.176 km/hr. The monsoon season recorded a wind velocity transition of 
-9.217 km/hr at pressure transition of 0.649 millibars. The annual recorded a 
transition of 1.099 millibars in pressure with a wind velocity of 
-8.077km/hr. (Table 10.1.1, Fig. 10.2.4). 
Amongst the two stations Santacruz has recorded a greater decline 
in wind velocity transition and smaller pressure transition. Colaba being 
situated on the sea has experienced mean sea level pressure, whereas 
Santacruz being more inland and highly builtup has weaker pressure owing 
to the characteristics of the metal and concrete which trap the heat and thus 
aids in reducing the pressure. The same feature retards the wind flow by 
changing the aerodynamics of gusts of wind. 
The F statistic at 1 and 45 degrees of freedom is 7.1 which is 
higher than the computed value for all the months. Hence the relationship is 
significant for all the months at 0.01 level of significance. The correlation 
coefficient is both a weak positive and negative association (Table 10.3.2). 
The negative during July, August and September supports the transition in 
the two variables where pressure is strengthening while the wind velocity is 
weakening. 
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(v) Kolkata (Kolkata) 
The mean monthly wind velocity for Kolkata during (1951-98) has 
recorded an overall declining trend, but the sea level pressure has shown an 
increasing trend for all the months except November and December, where 
there is a declining trend (Table 10.4). A seasonal transition during the study 
period recorded 0.837 millibars of change during the winters, with the wind 
velocity declining at the rate of-0.310 km/hr. 
Table:10.4.2 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summer season recorded a decline of-3.025 km/hr with a 
pressure transition of 0.914 millibars. The monsoon season recorded a wind 
velocity transition of-1.784 km/hr with the pressure changing at the rate of 
1.072 millibars. The annual average transition in wind velocity records a 
decline of-1.495 km/hr at the annual pressure transition of 0.815 millibars 
(Table 10.1.1, Fig. 10.3.3). 
The F test for linearity between mean station level pressure and 
wind velocity at F (1,46) degree of freedom shows significant difference 
between the two variables in the month of May and Annual at 0.01 level of 
significance. The correlation coefficient for all the months is weak inverse 
A20 
Mutual Relationship Between Mean Monthly Wind Velocity 
and Mean Sea Level Pressure Transition at Kolkata 
(1951-1998) 
2.5 
• - 2 
- • 1.5 
J3 
E 
- • I 
• - 0.5 
-0.5 
I Wind Velocity Pressure 
Fig: 10.3.3 
Mutual Relationship Between Mean Monthly Wind Velocity 
and Mean Sea Level Pressure Transition at Dum Dum 
(1951-1998) 
1.5 
- - 1 
0.5 I 
• - -0.5 
-14 
I Wind Velocity Pressure 
Fig: 10.3.4 
421 
association with only June showing a weak positive association of 
magnitude 0.140 with a 1.96 per cent variation between the two variables 
(Table 10.4.2). 
(vi) Dum Dum (Kolkata) 
The mean monthly wind velocity for Dum Dum between (1951-98) 
recorded a decline in all the months. The rate of change in pressure was on 
the increase in all the months except for January, July and November (Table 
10.4.1). 
A seasonal transition during the study period recorded 0.808 
millibars of pressure trend with the wind velocity recording a decline of 
-0.874 km/hr during winters. A summer trend recorded a 0.492 millibars of 
pressure change with the wind velocity recording -8.614 km/hr. The 
monsoon season revealed a transition of 0.549 millibars with the wind 
velocity declining at the rate of-5.577 km/hr. The annual rate of change 
was 0.418 millibars with the wind velocity declining at a rate of-4.587 
km/hr (Table 10.1.1, Fig. 10.3.4). 
The F statistic at 1 and 46 degree of freedom is 7.1. The test of 
linearity between the two variables is significant for all the months except 
October and annual at 0.01 level. The correlation coefficient is a weak 
negative association in all the months except January where it is a weak 
positive association of magnitude 0.231 with a 5.34 per cent variation 
between the two variables (Table 10.4.2). 
Amongst the two stations there is very little difference in pressure 
transition and the wind velocity change is almost similar. Hence there does 
not exist pronounced difference between the two stations. 
(vii) Nungambakkam (Chennai) 
Mean monthly wind velocity transition for Nungambakkam during 
(1965-98) recorded an overall decline. The transition in mean monthly 
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Mutual Relationship Between Mean Montiily Wind Velocity 
and Mean Sea Level PressureTransition at Nungambakkam 
(1965-1998) 
S 
Wind Velocity Pressure 
Fig: 10.4.3 
Mutual Relationship Between Mean Monthly Wind Velocity 




pressure has shown both a positive and negative transition (Table 10.5). A 
seasonal review of the behaviour of the two features during the study period 
of (1965-1998) recorded a 0.248 millibars of change during the winter 
season with the wind velocity transition of-0.909 km/hr. 
Table : 10.5.2 






































































































Source: Computed from the Meteorological Data obtained from India Meteorological Department, Pune 
The summer season recorded a transition of 0.122 millibars with the 
corresponding wind velocity ranging at -1.155 km/hr. Although a decline in 
pressure should increase the wind velocity here, there is further decline, 
which can be supported tracing the location of the station in a highly dense 
built up area of the city. The monsoon season too recorded a decline of 
-0.123 millibars of pressure with a wind velocity declining at the rate of 
-1.765 km/.hr. The annual transition in pressure too recorded a decline of 
-0.058 millibars with the wind velocity declining at the rate of-1.214 
km/hr. (Table 10.1.1, Fig. 10.4.2) 
The F statistic at 1 and 32 degrees of freedom is 7.3, the computed 
values for all the months is less except for October. Therefore, the 
relationship is significant for all the months at 0.01 level except for October. 
The correlation coefficient is a weak positive association for all the months 
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except December and January where there is a weak negative association 
(Table 10.5.2). 
(viii) Minambakkam (Chennai) 
The mean monthly wind velocity transition for Minambakkam 
between (1965-98) recorded a declining trend. The pressure showed both 
positive and negative rate of change (Table 10.5.1, Fig. 10.4).A seasonal 
review of the behaviour of the two variables during winters shows an 
increasing trend in pressure by 0.487 millibars with a wind velocity 
transition of -2.606 km/hr. The summer transition of 0.749 millibars 
corresponded to -2.310 km/hr of wind velocity. During the monsoons the 
pressure changed by 0.266 millibars with the wind velocity declining at 
-3.551 km/hr. The annual trend of 1.494 millibars has corresponded with a 
declining wind velocity of-2.989 km/hr. (Table 10.1.1, Fig. 10.4.4). Thus 
there has been an overall increase in pressure during the study period with 
declining wind velocity. 
Amongst the two stations Minambakkam has demonstrated a higher 
pressure transition with highly reduced wind velocity transition in all the 
seasons. This reduction may be attributed to the increasing pressure trend. 
Nungambakkam has high pressure transition during winters but reduced 
during summers and monsoons. The wind velocity though showing a 
declining trend is higher than at Minambakkam. 
The tabulated value of F at 1 and 32 degrees of freedom is 7.3 
which is higher than the computed values for all the months except 
December. Therefore, the association is significant for all the months except 
December at 0.01 level. The correlation coefficient is both a positive and 
negative weak to moderate association (Table 10.5.2). 
A comparative analysis of the wind velocity transition vis-a-vis 
temperature transition in all the eight meteorological stations of the four 
mega cities of India raises a question of rather disproportionate relationship 
^5 
between the temperature increase and the wind velocity decrease. It has been 
noted that a very slight increase in temperature over a period of time tends 
to show a disproportionately large decrease in wind velocity. A plausible 
explanation may be the mushrooming up of the heterogenous builtup 
surfaces causing brakes in the wind velocity rather than light rise in 
temperature. There is a less pronounced wind velocity transition at the 
meteorological stations of Kolkata and Chennai than over Delhi and 
Mumbai. This could probably be attributed to the relationship of formidable 
wind regime over the cities of the eastern coast of India as compared to the 
western coast city of Mumbai. 
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FINDINGS AND CONCLUSION 
FINDINGS AND CONCLUSION 
It has been noted that the micro climate in the four megacities under 
study has undergone transition due to the processes of urban growth and 
expansion. As the cities themselves form a very small fraction, less than 5 
per cent, of the earth's surface area, and the world's population has become 
increasingly urbanized coupled with high density infrastructure and landuse, 
these area have their own urban climates. The present research focuses on 
urban surface temperatures, rainfall characteristics, relative humidity, 
evaporation rates, solar radiation and the pressure and wind systems in the 
megacities. 
It has been observed that the surface temperature is a measure of the 
state of energy exchange such as radiative exchange, subsurface heat 
storage, evaporation and turbulent heat fluxes. The effect of urban heat 
island (UHI) occurs when city temperatures run higher than those in 
suburban and rural areas, primarily because growing number of buildings 
have supplanted vegetation and trees. Moreover, human activities also tend 
to generate considerable heat. 
Heat islands appear to influence the city environment in two 
principal ways. One involves the presence of air pollutants and smog, which 
damages the natural environment and jeopardizes human health. The other 
has its implication on energy use - Urban Heat Islands lead to greater use of 
air conditioning. 
I. Temperature Transition 
The analysis of temperature trends in the four megacities based on 
data acquired from India Meteorological Department, Pune, has been 
evaluated for the equal period of time. In case of Delhi the data for Palam 
and Safdarjung meteorological station was available between 1957-2000. At 
Palam the observed fluctuations from one year to the other in mean monthly 
maximum (day time) temperatures were not significant except for a few 
years. The seasonal rate of change in temperature has seen a very small 
decline. Monsoon season demonstrated a very small decline followed by 
summers and winters. The annual, however, has demonstrated a positive 
trend. A comparison of mean minimum (night time) temperatures has 
demonstrated an overall positive trend. The fluctuations in temperature from 
one year to another were not very great. A seasonal transition has found an 
increasing temperature transitions in winters, with sharper summer trend and 
small change during the monsoons. Thus, there is ample evidence of increasing 
nocturnal temperatures at Palam. Hence, the warming at nights is more than the 
corresponding warming rate at the day time. 
At Safdarjung the fluctuations from one year to another in the mean 
monthly maximum temperatures were not much either. The seasonal change of 
temperature has shown a very small decline in all the seasons. Summers have 
shown the smallest decline, followed by winters and monsoons. The annual 
trend too has shown a slight decline. 
As compared to Palam, Safdarjung has an overall declining trend in 
the mean maximum temperature. Thus days are cooler at Safdarjung in 
comparison to Palam. The mean minimum temperature fluctuation is small and 
the monthly temperature transition is both positive and negative. A seasonal 
trend in temperature has found small rate of increase in all the seasons. Hot day 
summer have the maximum change followed by winters and the humid 
monsoons. It means that the humid and cloudy monsoon period is thermally 
more stable than the potentially unstable hot dry air masses of the summer 
months, in the city of Delhi which is under continental thermal regime. The 
annual too showed a small increase. Comparing the seasonal trend of 
Safdarjung with that of Palam, it is evident that the nocturnal temperature 
though rising at both the stations, find Palam warmer than the Safdarjung. 
428 
The mean monthly average temperature's seasonal transition at Palam 
has shown small rate of positive change whereas that at Safdarjung there has 
been a small rate of decline during winters and summers with a positive change 
during the monsoons. Thus from the above it can be concluded that the heat 
island in Delhi is pronounced at Palam area. 
The mean monthly maximum temperature fluctuation is small at 
Santacruz from one year to another, except for a few cases. The seasonal rate of 
change of temperature has been very small, although there has been an overall 
upward trend for all the seasons. Winters have recorded the maximum increase, 
followed by the monsoons and summer have recorded a very small rate of 
change. 
The mean minimum temperature fluctuations from one year to another 
has been small. The seasonal rate of change recorded an overall positive 
change with winters recording a little more than the summers. The monsoon 
months have recorded a very small change. Hereby, it can be confirmed that 
the nights are warmer at Santacruz. At Colaba .the mean monthly maximum 
temperature fluctuation from one year to another is small. There has been an 
increasing trend in all the seasons with the winters recording the maximum and 
summers the minimum. A comparison of mean minimum temperature has 
demonstrated both a negative and positive trend. Winters and summers have 
recorded a very small decline in temperature, whereas monsoons appear warm 
with a change for the positive. Here, it is evident that the nights are cooler 
during winters and the summers. The mean monthly average temperature's 
seasonal transition at Santacruz is a small rate of positive change. Its magnitude 
is same for all seasons. Colaba too has experienced a positive rate of change 
but its magnitude is rather small. Therefore, in all the above parameters, it can 
be concluded that the heat island for Mumbai is more pronounced at Santacruz, 
during the study period (1951-1998). 
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At Kolkata the mean monthly maximum temperature fluctuation is 
rather small. The seasonal rate of change is both positive and negative for 
different months. Both winters and summers have recorded negative transition, 
with the winters showing a sharper decline. Monsoon has recorded a rather 
sharp increase in temperature transition. A comparison of mean minimum 
temperature has recorded a negative transition for winters and a very small 
positive change for summers and the monsoons. Thus the nights during winters 
appear cooler than that of other seasons. Thus, the above results confirm cooler 
nights at Kolkata especially during the winters. 
At Dum Dum the mean monthly maximum temperature fluctuation 
was small from one year to another, leaving a few cases. The seasonal trend has 
both positive and negative transitions. The winters and summers have thus 
recorded a decline, whereas there exists small increase in transition during the 
monsoon season. In comparison with the mean monthly minimum temperature 
fluctuations which is very small from one year to another, the seasonal trend of 
temperature is a small increase during winters and summers but a small decline 
during the monsoon season. Thus the nocturnal temperature is rising at Dum 
Dum than the day temperature. Comparing the two stations there is strong 
evidence that winters are warmer at Dum Dum than Kolkata. The mean 
monthly average temperature transition at Kolkata is negative during winters 
and summers but a positive transition exists during monsoons. The same is true 
in case of Dum Dum too. So it may be inferred from the above that monsoons 
are warmer compared to other seasons and Dum Dum has more pronounced 
'heat island' than Kolkata. 
At Nungambakkam the mean monthly maximum temperature 
fluctuations from one year to another between 1965-1998 is very small. The 
seasonal trend has recorded an overall positive change. The winters have 
recorded the maximum transition and monsoon the least. Although the 
monsoon regime at Chennai is not so well defined and demarcated as it is at 
Mumbai, Delhi and Kolkata. 
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Comparing the mean monthly minimum temperature, the fluctuation 
from one year to another is very little. The seasonal temperature transition is 
very similar to that of mean maximum temperature. There is an overall positive 
temperature transition with the winter nights recording more than the other 
seasons. Thus, both nights and days are equally warm at Nungambakkam. 
At Minambakkam the mean monthly maximum temperature 
fluctuations from one year to another is very small. The seasonal transition is 
positive in all the seasons with the winters recording the maximum change as 
compared to summers and the monsoon season. Thus it appears that the winters 
are getting warmer. A comparison with the mean monthly minimum 
temperature fluctuations which is negligible from one year to another, the 
seasonal temperature transition has an overall positive transition with here too 
winters recording a higher trend, although summers are still higher and 
monsoon is recording the minimum. Therefore, it is clear that nights are 
warmer at Minambakkam. 
The mean monthly average temperature transitions at Nungambakkam 
has an overall positive transitions of similar magnitude. That at Minambakkam 
too has an overall positive transition but of a smaller magnitude. Thus, from the 
foregoing it can be deduced that the 'heat island' for Chennai is more 
pronounced at Nungambakkam, although the overall analysis proves that 
Chennai is warm in all seasons. Thus amongst the four megacities, it is 
Chennai, which is the warmest as proved by the trend analysis, so also its 
location supports the study. 
II. Rainfall Variability and Change 
The analysis of rainfall in the four megacities based on data for (a) 
Palam (1957-1998), (b) Safdarjung (1958-1998), (c) Santacruz, (d) Colaba (e) 
Kolkata (f) Dum Dum (g) Nungambakkam, (h) Minambakkam reveals the 
following trends. 
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At Palam form 1957 to 1998 the rainfall variations from one year to 
another were high. The rainfall trends have been examined for the following 
periodic frames (i) 1957-70, (ii) 1971-84, (iii) 1985-98. The variations amongst 
the rainy months were also high. August recorded the highest amount of 
rainfall, and the least was recorded in June. September had maximum number 
of below normal years of rainfall than any other month during the rainy season. 
Amongst the 42 years under study, the random analysis for 1971-1984 period 
recorded the highest amount of rainfall. At Safdarjung for the same period of 
1957-1998 the rainfall variation from one year to another was rather high. 
August was the rainiest month with June recording the least. Amongst the 
different time frames here too the rainfall recorded the highest during 1971-
1984 period. Both July and August recorded 24 below normal years. Amongst 
the two stations it is Safdarjung which has received higher rainfall than Palam. 
Hence, the higher rainfall variability at Palam as compared to Safdarjung 
appears reasonable. 
The rainfall trends have been examined for the following periodic 
frames (i) 1951-66, (ii) 1976-82, (iii) 1983-98. At Colaba the rainfall trend was 
analysed for the period 1951-1998. There has been high fluctuation from one 
year to another. The monthly variation was also high. July has been the rainiest 
month and September recorded the least amongst the rainy months. Amongst 
the forty seven years under study the random analysis for 1983-1998 time 
frame recorded the highest amount of rainfall. August recorded the maximum 
number of below normal years during the entire study period. 
At Santacruz for the same period of 1951-1998 the rainfall variation 
from one year to another was high. Here too July is the rainiest month and 
September has recorded the minimum amongst the rainy months during the 
monsoon season. September has the maximum number of years recording 
below normal years of rainfall. The random analysis has shown 1951-1966 
period recording the highest amount of rainfall. Amongst the two stations it is 
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Santacruz which is more inland a station receoves greater amount of rainfall 
compared to Colaba station which at the southern tip of the island.The rainfall 
variability between the two station is almost identical. 
At Kolkata the data was analysed for 1951-1998. The rainfall trends 
have been examined for the following periodic frames (i) 1951-66, (ii) 1976-
82, (iii) 1983-98. The rainfall variation from one year to another has remained 
high. Amongst the rainy months during the monsoon season July has received 
the maximum amount of rainfall and June recording the minimum with the 
maximum number of below normal years. The random analysis recorded the 
highest amount of rainfall during 1967-1982 time frame. 
At Dum Dum the rainfall variation from one year to another was high. 
The rainfall during 1951-1998 period, has found August recording the highest 
amount of rainfall whereas, September recorded the least. June and August 
both have shown the same number of below normal years. The random analysis 
has found the time frame between 1983-1998 recording the maximum amount 
of rainfall. Comparing the two stations, it is Kolkata which has received 
slightly higher rainfall than Dum Dum, although the difference is negligible. 
This confimis that the rainfall is well distributed in this city, owing to its flat 
profile. 
The rainfall trends have been examined for the following periodic 
frames (i) 1965-81, (ii) 1982-98 at Nungambakkam, the rainfall variability for 
the study period of 1965-1998 was high from year to year and the extended 
rainy season from June to December recorded the minimum rainfall in June and 
the highest during November. July had more below normal years of rainfall 
than any other month. Amongst the 32 years under study, it is the 1965-1981 
time frame which received the highest amount of rainfall. At Minambakkam 
the annual rainfall variability from one year to another was also high. Here too, 
June has recorded the least amount of rainfall, with the highest being that in 
November. Both August and September have recorded the same number of 
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below normal years. The random analysis has found 1965-1981 with the 
highest amount of rainfall similar to Nungambakkam. 
Comparing the two stations it is Minambakkam which has an edge 
over Nungambakkam which is true to the scientific evidences of heat island 
influencing its vicinity in creating more precipitation. The variability for the 
two stations is same. Thus amongst the four cities under enquiry it is at 
Mumbai and Chennai that the influence of heat island has apparently created 
enhanced or induced rains in the downwind region. 
III. Relative Humidity Transition 
Relative humidity over the megacities is also a reflection of surface 
cover in terms of nature and density of the builtup surface. In an urban micro 
climatic setup there is usually a low relative humidity than its surrounding 
countryside. At Palam there were both positive and negative transitions in the 
mean monthly relative humidity. The seasonal trend was a pronounced 
increase. There was increase in winters with the maximum in summers and the 
least in the monsoon season. At Safdarjung there was an increase in all the 
seasons. Here monsoon has recorded the maximum increase than the other 
seasons. Thus, at Delhi there exists an increased trend in relative humidity in 
all the seasons with still higher trend at Safdarjung. This can be attributed to 
more green belts present within the city than the countryside. It can also be 
related to the higher incidence of rainfall at Safdarjung than at Palam. 
At Colaba the mean monthly transition is both positive and negative. 
The seasonal trend shows an increasing transition with the maximum during 
the summer season, followed by winters and a very small increase during the 
monsoon season. At Santacruz there is both negative and positive association. 
The seasonal trend shows an increased trend during winters followed by the 
monsoons with a decline during the monsoon season. Between the two stations 
Santacruz has a little enhanced transition only during the winter season, 
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whereas it is smaller than Colaba during the other seasons because Colaba is 
located on the protruding southern tip of the island. 
At Kolkata the mean monthly transition is showing an increasing 
trend. The seasonal trend is showing a substantial increase followed by 
summers and monsoons. The city experiences high percentages of relative 
humidity owing to its location at the head of Bay of Bengal, and the prevalence 
of humid tropical conditions. At Dum Dum the mean monthly transition is 
almost similar. Winters are more humid than the other seasons. Compared to 
Kolkata Dum Dum is having a greater transition during summers and the 
monsoon season. 
At Nungambakkam the mean monthly transition in relative humidity 
has both positive and negative transition. The seasonal transition is dominated 
by a negative transition. The decline has been highest during the winters, 
followed by monsoon and lastly the summer season. At Minambakkam there 
has been an increased positive transition in most of the months. The seasonal 
transition has recorded a decline during winters with increased transition during 
summers and the monsoon season. It is thus observed between the two stations 
that Nungambakkam is drier than the other station at Minambakkam. 
Amongst the four cities it is Nungambakkam only which has attested 
to, some degree, to the hypothesis of Chandler (1967) and Ludwig (1968) and 
Landsberg (1981) that the city areas are drier than the rural areas. The other 
stations have shown an increasing trend with the most at Delhi. These trends 
conform to their rainfall regime. 
IV. Cloud Cover Change 
Cloud cover over the cities is understandably enhanced owing to the 
presence of suspended particulate matter in the atmosphere, than the 
countryside. The rising warm air may also help produce more clouds. At Palam 
the seasonal transition has shown an increasing trend during winters and the 
monsoons although a very small rate of decline during the summer months was 
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noted. A comparison with Safdarjung find a small rate of declining transition 
during all the seasons. Hence, in this case the hypothesis of Goudie is not valid, 
who has held suspended particulate matter responsible for enhanced cloud 
cover over cities. 
At Santacruz winters and monsoons have shown a small rate of decline 
in the total cloud cover, whereas for the summer there is a very small rate of 
increase. Colaba has shown an even greater rate of decline in cloud cover in all 
the seasons. On comparison Santacruz is more urbanized than Colaba, and the 
trend is on the increase. Hence the cloud cover transition is justified with the 
urban expansion and the building density. 
At Kolkata there is a tendency towards an increasing trend during 
winters and summers but a very small decline during the monsoon season. 
Dum Dum has a greater increase in all the seasons combined by a very small 
increase during the monsoon season, whereas winters and summers have a 
higher trend. Comparing the two stations at Kolkata, Dum Dum has an edge 
over the other station. There has been greater tendency of urban sprawl towards 
this periphery of the city, therefore the increased building activity may be one 
reason of increased particulate matter and aerosols in the atmosphere, which act 
as nuclei for condensation. Therefore an increase in cloud cover is 
understandable. 
At Chennai there is an overall decrease in cloud cover in all the 
seasons at Nungambakkam. Minambakkam, however, has recorded a decline 
during winters, but is having an increasing trend during summers and 
monsoons. In all the four cities it has been observed that there has been a 
tendency towards increased cloud cover towards the suburban station. It may 
be argued here that each city has proliferated over the years towards these 
stations, which are not really in true rural setting, but one amongst the busy 
transport corridors linking the city. Therefore, the new settlements which have 
been continuously emerging are cause for new constructions, which may be the 
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reason for increased atmospheric suspended particulate matter acting as 
veritable condensation nuclei which lead to increased cloud cover. 
V. Evaporation Changes 
In an urban setup the actual evaporation as against the potential 
evaporation is highly reduced owing to the concrete and asphalt layer which 
covers the natural ground surfaces. At Safdarjung in Delhi the mean monthly 
transition has an overall negative trend with a pronounced decline in all the 
seasons. This very well illustrates the hypothesis that urban centres induce 
dryness in their lower atmosphere. As reported above the same follows at 
Mumbai. Colaba too has recorded a decline in evaporation in all the months. 
The seasonal profile elaborates increased rate of dryness in all the seasons. At 
Kolkata the trend is the same as in the above two stations. The mean monthly 
transition is highly low with the seasonal profile illustrating a maximum during 
the winter season followed by summers and the monsoon season. At 
Minambakkam the same trend has been followed but there is a very small rate 
of decline. The seasonal change has been the most during the monsoon season 
followed by summers and then winters. 
Amongst the four cities it is Kolkata which has shown the greatest 
decline during the winter season, followed by Delhi which though has a semi 
arid steppe type of climate experiences some wet spells during the winter 
season. Mumbai shows a small rate of decline during this season followed by 
Chennai. Summers are the driest at Delhi, followed by Kolkata, Chennai and 
lastly Mumbai. Monsoon season has the greatest decline for Delhi, with small 
variations at Mumbai, Kolkata and Chennai which are favourably located on 
the sea or at the coast. 
VII. Solar Radiation Transitions 
As the contaminated urban air masses are effective in reducing 
incoming solar radiation and differences in albedo, other surface characteristics 
also modify the energy balance over the cities. The data was available for 
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different time period for the cities. At Safdarjung in Delhi the seasonal 
transition in daily total radiation has demonstrated a negative for winter and 
summer but a positive trend during the monsoons. The bright hours of sunshine 
too have demonstrated a declining trend in all the seasons with the maximum in 
the winters and subsequently decreasing with the least during the monsoon 
season. 
The explanation bears to the fact that winters are the season with 
enhanced anticyclonic activity in the upper atmosphere in north India and thus 
increased stability, frequent fog and mist and greater percentage of pollutants in 
the atmosphere. Summers are characterized by spells of dust storm locally 
called andhi, which forms a blanket of overlying dust in the atmosphere and 
reduces visibility. Monsoon is the period when the atmosphere is cleared of 
such concentrations due to rainfall and hence enhanced energy balance during 
this season. 
At Santacruz in Mumbai the seasonal transition in daily total radiation 
too was a negative, with summers showing more decline as compared to the 
winters or the monsoons. The bright hours of sunshine though seem to have 
progressively increased during winter and summer season but the monsoons 
have shown a decline. In case of Mumbai the sky is clear and free of clouds 
and pollutants during winters and summers but the increased volume of cloud 
cover during the monsoons obstructs, the passage of light and reduces the 
sunshine hours. Therefore, it demonstrates a declining trend in solar radiation. 
At Dum Dum again the daily total radiation is highly reduced hence 
there is a declining trend in all the seasons. Summers and monsoons have both 
demonstrated high rates of transition. The bright hours of sunshine too have a 
declining trend in all the seasons. The city has very high concentration of 
particulate matter in its atmosphere due to greater pollution rate. As the wind 
velocity is highly reduced and there is greater incidence of calm weather. This 
is also responsible for the presence of clouds in the atmosphere which increases 
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the albedo of the atmosphere and reduces its transparency, which may be 
another reason for such a transition. 
At Minambakkam the daily total radiation has an increasing trend 
during the winters but a decline in transition during summers and monsoons. 
The bright hours of sunshine though have shown a decline in all the seasons. 
Amongst the four cities a general decline in energy balance has been observed. 
Besides, the atmospheric pollution which are generated at the local scale, it is 
the increased global cloud cover which may be held responsible for such a 
uniform characteristic. 
VII. Wind Velocity Changes 
The surface wind velocity is one of the important parameters modified 
by the irregular skyline presented by the changing surface morphology in an 
urban centre. It may influence in dislocation or the complete elimination of 
heat islands through the combined effects of upward turbulence and lateral 
advection in the lower atmosphere. The wind velocity transition for the four 
megacities during different seasons have shown a rather declining trend. 
At Palam in Delhi the mean monthly transition has illustrated a 
significant decline in wind velocity in all the months. The seasonal trend has 
shown a small decline for winters, followed by increased decline in summers 
and a still further decline in the monsoon season. This trend illustrates that 
winters are the season of enhanced pressure differences, with high pressure 
prevailing in the heart of the land represented by Delhi. The wind flows from 
the NW to SE direction during this season. At Safdarjung the mean monthly 
wind velocity transition has shown a more significant decline than at Palam. 
The seasonal trend is less during the winter season than during summers and 
the monsoon season. Thus, between the two stations besides the weather 
phenomenon and pressure differences, Safdarjung has shown greater decline in 
wind velocity owing to its landscape morphology. 
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At Colaba in Mumbai the overall mean monthly wind velocity is 
highly reduced. There is a substantial decline in its transition for all the months 
and seasons. Winters are followed by summers and the difference in transition 
between the two is very small. Summers are followed by monsoons in which it 
is highly reduced. At Santacruz too there is a high decline in the mean monthly 
wind velocity transition. The seasonal decline is still greater than that at 
Colaba. Considering the location of Santacruz which is more inland in 
comparison to Colaba, alongwith the rapid sprawl and densification of the area 
appear to be the major reason for such a difference. 
At Kolkata the mean monthly transition is also negative. The seasonal 
transition is varying between a very small decline during winters to greater 
decline during summers and a small decline during the monsoon season. 
Hence, summers seem to have enhanced calm conditions. At Dum Dum there is 
an overall decline with the comparatively higher decline than at Kolkata. The 
seasonal decline is so pronounced that there ought to be a well developed heat 
island at this station. 
At Nungambakkam in Chennai too there is an overall decline in mean 
monthly transition. The seasonal transition is not fluctuating much with respect 
to the other. Winter transition is still lower than summers and the monsoons. At 
Minambakkam the mean monthly negative transition is marked by an increased 
decline during the seasons. Thus Minambakkam has recorded greater decline in 
wind velocity as compared to Nungambakkam. It may be noted that amongst 
the four megacities, it is Mumbai which has recorded a substantial decline in 
wind velocity than the other stations. This may be a reflection of greater 
urbanization and a higher built up density at Mumbai than anywhere else. This 
is owing to the space constraint as well. 
VIII. Mean Pressure Changes 
The force that drives the winds results from horizontal pressure 
differences. As the urban centres are pockets of reduced pressure which have 
their own thermal characteristics. The thermal regime partially determines the 
intensity of pressure differences. At Palam in Delhi there appears an increasing 
rate of pressure in all the months and seasons. Although the rate of increase is 
relatively small for all seasons. At Safdarjung there has been an overall 
increasing trend in pressure. However, the rate of change has been considerably 
small compared to Palam. Thus this proves that due to increased heat in the 
densely built up area the pressure at Safdarjung is low compared to the 
peripheral station at Palam. 
At Colaba in Mumbai there is a small rate of increase of atmospheric 
pressure in all the seasons, with almost similar rate of change. Unlike Colaba, 
Santacruz has demonstrated a declining trend in all the seasons. Although the 
rate of change is very small but the decline illustrates a built up of thermal 
intensity at this station which has influenced the atmospheric pressure to 
decline. 
The station at Kolkata has experienced an increasing trend in its 
pressure. The seasonal trend has shown a similar rate of increase with very 
small fluctuations. At Dum Dum the mean station level pressure has increased 
during all the seasons. Compared to Kolkata the trend has slightly increased 
during the winter season, but thereby has declined in other seasons, with 
respect to Kolkata. Thus, the winter trend bolsters the evidence of stronger 
thermal intensity developing within the city than its periphery. 
At Nungambakkam in Chennai the pressure transition has declined in 
most of the months, with the seasonal trend showing an increase during winter 
and declining in other seasons. At Minambakkam there is an increasing trend in 
pressure in all the seasons. Winters have a higher rate compared to summers 
and the monsoons. Comparing the two stations it is a very small increase 
during winters at Nungambakkam, with substantial decline during summers 
and small negative transition in the monsoon season. The declining trend thus 
tM 
supports the hypothesis that increased thermal regime will encourage decline in 
pressure. 
Amongst the four megacities Delhi and Kolkata have a well developed 
pressure system while at Mumbai (Colaba) has an increasing trend unlike 
Santacruz and a similar behaviour has been observed for Chennai. 
The Urban Heat Island findings for the four megacities are not 
similar as the size, structure, growth and location of these cities is very 
different and diverse. Each has its own climatic characteristic owing to their 
North (Delhi) South (Chennai), East (Kolkata) and West (Mumbai) locations 
representing the four meteorological zones of India. These cities continue to 
experience population boom because of continued emigrant influx, who find 
encouraging employment prospects in the increasingly centripetal economic 
layout. The degree to which urbanization influenced climatic parameters varied 
with each climatic variable and each climatic zone. Such varied impacts with 
regard to temperature, rainfall, relative humidity, evaporation, cloud cover, 
solar radiation, wind velocity and pressure have been evident. A heat island 
forms because of the differences in the rates of warming and cooling of cities 
relative to their surroundings. Heat island intensity is a measure of the strength 
and magnitude of the heat island. 
The nature of the builtup surface is a strong factor on the spatial 
patterns of air temperature in the city. The temperatures are higher in more 
densely built up areas, and lower but stable near parks or more open areas. 
Geographic location influences the micro climate of the area as well as the 
characteristics of the rural surrounding of the city. Local wind systems may 
also have their share of impact on the heat islands. Coastal cities experience 
lowering of temperatures in the summer when the sea surface temperatures are 
lower than the land and the winds also blow onshore. When cities are 
surrounded by moist to wet rural surfaces, slower cooling by these surfaces can 
reduce heat island magnitudes, especially in warm humid climates. Heat islands 
of cities located in the mid latitudes are usually strongest in the summer as well 
as winter seasons. In tropical climates, the dry season may favour large heat 
island magnitudes. Anthropogenic heating through air conditioners usually has 
the largest impact during the winter season in downtown core of the mid 
latitude cities. While, the exhaust heating by air conditioner in the summers of 
tropical cities is limited and very meager in the mild tropical winters. Very 
densely developed cities may have significant summer time anthropogenic 
heating that results from high energy use for cooling of the building. The lack 
of data and absence of well distributed stations within the city is a major 
constraint in the micro level spatial analysis of the Urban Heat Islands in the 
four megacities of India. The locations of traditional status also the airport 
premises is not conducive to reveal the reality of heat islands. The urban heat 
island scenario could have been better demonstrated if the stations or the 
monitoring devices were in the industrial enclaves and the high density areas. 
Here lies the course and scope for future research and project studies. 
Suggestions and Recommendations : 
An Indian city or town is the legacy of the medieval township which 
forms the core of every city. There is an overwhelmingly haphazard growth 
occurring along major transport corridors. The city planner seems to have little 
role in such a development. In view of the findings the following suggestions 
and recommendations have been tendered. 
1. There is an urgent need for the preparation and implementation of a 
model of centrifugal economy to bolster the decentralization of urban 
growth, particularly in the megacities. 
2. There is urgent need for the planner's intervention at every stage of an 
urban development. Since they often seem to ignore the city 
microclimatology, it is essential that they should consider this aspect, 
because the major urban climatology problems emanate from this 
neglect. 
3. Widespread change of the urban surface geometry by spacing building 
may be made feasible. Other strategies like using white or other light 
coloured roofs and pavements may be promoted. 
4. Planting trees around individual buildings with a suitable ratio to shade 
urban surfaces and to reduce their temperature,. The reduction in surface 
temperature also leads to substantial reduction in energy use for air 
conditioning. 
5. Trees can also be used to shade roads and parking lots, which would 
otherwise become very hot during the day and which store heat for later 
release at night. Shading of vehicles in parking lots can reduce 
evaporative emissions from gasoline, which contribute to increased 
levels of urban ozone. 
6. "Green Roofs" with planting the vegetation on roofs in order to help 
reduce heat accumulation of buildings. A green roof is much cooler than 
a traditional roof because a significant fraction of the absorbed energy is 
used to evaporate water rather than to heat the roof and the overlying air. 
7. Creation of green space such as parks can be used to assist in cooling of 
neighbourhoods and an overall greening of the city can lead to a cooler 
urban atmosphere. 
8. These strategies can provide cost benefits. A building owner benefits 
from reduced energy consumption costs. Residents of the downwind 
area of the urban centre benefit from air quality improvements. 
9. Rapid transit system such as the metro railway should be undertaken by 
the state governments under the jurisdiction of the Central government. 
In the present study only Kolkata and most recently Delhi has acquired 
the metro rail system. It should be made culturally mandatory on the 
citizens to make use of the public transport and reduce the load on 
limited road widths with improved frequencies and facilities. Thereby 
r r*T 
alleviating the overall traffic bottlenecks created by heterogenous 
vehicular movement. 
10. Holidays may be declared pollution free by curtailing the all private 
vehicles and encouraging cycling and pedestrians. A self awareness 
programme should be undertaken on a countrywide scale enlisting the 
help of non governmental organizations and the media for work 
participation and instill a feeling of responsibility within the individual 
to take care of his urban habitat. This will go a longway in reducing the 
most deleterious of urban problems. 
11. Urban heat islands themselves are not responsible for global warming 
because they are small-scale phenomenon and cover only a tiny fraction 
of the earth's surface area. However, there are some urban to global 
scale connections with regard to world's population growth and 
urbanization particularly in the tropics. 
12. There is an urgent need for the research institutions with incentives from 
the government to take up more intensive studies related to canopy 
layer, surface layer and boundary layer heat island studies and their 
related climatic parameters. In India there is a dearth of such studies and 
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APPENDIX 
Following are the Values of ^Distribution at 
0.01 Significance Level 
\ -^ 
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